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IPreface A
“For every complex problem there is a solution 
that is clear, simple, and wrong.”
-H. L. Mencken, 1917
“There’s no right and there’s no wrong.
There’s just the balance of the things you know.”
-Nada Surf, 1998
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Preface Summary 
summAry
This thesis focuses on the evolution of crack-seal vein systems under changing stress conditions. The 
characteristics of these highly complex systems are explored in extensive field studies on the Jabal Akh-
dar (Oman Mountains), an exhumed high-pressure cell with a multiphase deformation history. The 
impact of mechanical heterogeneity on the fracture behavior and structure development in crack-seal 
vein systems is explored in several numerical studies facilitating the Discrete Element Method (DEM). 
By integrating field methods and numerical modeling, insights into the dynamic evolution and cou-
pled thermal, hydraulic, mechanical and chemical processes in evolving crack-seal vein systems are 
achieved.
The mechanical interaction between fractures and veins are modeled in a parametrical 3-D-DEM 
study varying the strength contrast between vein and host rock, as well as the angle of the vein towards 
the extension direction (chapter 2). Veins that are weaker than the host rock tend to localize fractur-
ing into the vein, even at high-misorientation angles. Strong veins cause deflection of the fracture tip 
along the vein-host rock interface. Fracture arrestment and dynamic bifurcation of the fracture occurs 
at the interface of materials with very dissimilar strength. Complex interactions are favored by a low 
angle between the vein and the fracture and by high-strength contrast. Structural styles of fracture-
vein interactions are defined and compared to the vein system of the Jabal Akhdar.  The implications 
are highly relevant for the dynamics of crack-seal systems and fracture-vein interaction styles could be 
used to reconstruct in-situ mechanical properties.
Chapter 3 follows a similar approach but on a larger scale and with a more complex setup: The models 
are fractured in boudinage loading condition that resemble a stack of alternating lithology under verti-
cal compression and horizontal extension that allows multiple fractures to form simultaneously in the 
central brittle layer. After deformation, the fractures are sealed with new DEM material of different 
strength and deformed again under various extension directions.  It is observed that for weak veins 
even slight changes in the extension direction between subsequent crack-seal cycles can dramatically 
increase the fracture connectivity by reactivating preexisting veins and forming secondary fractures 
that do not align with the large scale stress field. Strong veins do show only minor influence on fracture 
propagation since they are very effectively overcome by the fracture step over mechanism.
The impact of the loading mechanism is investigated with additional simulations combining aspects of 
the previous models in chapter 4. It is concluded that nucleation and internal deflection are insensitive 
to loading conditions and scaling whereas the probability for dynamic bifurcation and external deflec-
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tion at strong veins is dramatically reduced whenever fracture-fracture interactions play a significant 
role.
In chapter 5 the deformation structures in an area on the southern slope of the Jabal Akhdar are 
explored with high resolution mapping, remote-sensing and field analysis. Ground-truthings of satel-
lite image interpretation show that faults can be mapped with high confidence. A determination of 
kinematic and throw is not possible with remote-sensing methods since faults do not show a primary 
surface expression. Lineaments on the satellite image are mostly brittle structures, but fractures and 
veins cannot be distinguished.
The dominant NE-SW striking conjugated fault set postdates bedding parallel shear. Fault-related 
veins are part of the anticlockwise rotating sequence of veins at high angle to bedding. The recent joint 
set was found to be largely controlled by preexisting microveins.
The final chapter 6 provides a classification of all deformation phases that can be distinguished on the 
southern slope of the Jabal Akhdar, which are at least seven. These include an early horizontal NE-
SW directed extension that produced (among other structures) bedding confined vein sets and shows 
evidence for an anticlockwise rotation of the stress field over time. It is followed by a phase of normal 
to oblique slip faults and at least two phases of strike-slip deformation. Each deformation phase pro-
duces vein sets that do not only differ in orientation but also in occurrence and appearance. Early vein 
sets exhibit a high stratigraphic variability, but are laterally very stable. With the onset of faulting, the 
stratigraphic variability decreases and the lateral variability becomes more significant. Stratigraphic 
and lateral variability of the vein sets are, together with the earlier described mechanical influence of 
veins, the cause for the high variability of vein patterns found in the field. Integrating the results of the 
numerical simulations with the findings of the field studies, an overview on the manifold and complex 
coupled processes relevant for the evolution of crack-seal systems is provided and their implications 
discussed.
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ZusAmmenfAssung
Diese Arbeit behandelt die Entwicklung von brechenden und verheilenden Kluftfüllungssystemen 
unter veränderlichen Spannungsbedingungen. Die Eigenschaften dieser hoch komplexen Systeme 
werden anhand ausgiebiger Feldstudien im Jabal Akhdar Gebirge (Oman) erkundet, einer exhum-
ierten Hochdruckzelle mit einer vielseitigen tektonischen Genese. Der Einfluss mechanischer Het-
erogenität auf das Bruchverhalten und die strukturelle Entwicklung in brechenden und verheilenden 
Kluftfüllungssystemen wird anhand mehrerer numerischer Studien unter Benutzung der Diskreten 
Elemente Methode (DEM) untersucht. Eine Kombination aus numerischen Modellen und Feldstu-
dien ermöglicht Einblicke in die dynamisch gekoppelten thermischen, hydraulischen, mechanischen 
und chemischen Prozesse innerhalb dieser sich entwickelnden Kluftfüllungssysteme.
Die mechanische Interaktion von Brüchen und Kluftfüllungen werden in einer parametrischen 3-D-
DEM Studie unter Veränderung des Festigkeitskontrastes zwischen Kluftfüllung und Nebengestein 
sowie der relativen Ausrichtung von Kluftfüllung und Bruchausbreitungsrichtung simuliert (Kapitel 
2). Kluftfüllungen welche schwächer sind als das Nebengestein, tendieren dazu neue Brüche zu loka-
lisieren.  Festere Kluftfüllungen führen zur Ablenkung der Rissspitze entlang der Kluftfüllungsgrenze. 
Am Übergang von Materialien mit sehr unterschiedlichen Festigkeiten, kann es zum kurzeitigen Ver-
weilen und dynamischer Aufspaltung von Brüchen kommen. Komplexe Interaktionen werden vor al-
lem von hohen Festigkeitskontrasten und niedrigen Winkeln zwischen Kluftfüllung und Bruchausbre-
itungsrichtung begünstigt. Strukturelle Stile von Interaktionen zwischen Brüchen und Kluftfüllungen 
werden definiert und mit natürlichen Beispielen von Kluftfüllungen aus dem Jabal Akhdar verglichen. 
Die Ergebnisse sind höchst relevant für die Entwicklung von Kluft- und Kluftfüllungssystemen und 
könnten als Grundlage zur Abschätzung der in-situ mechanischen Eigenschaften genutzt werden.
Kapitel 3 folgt einem ähnlichen Ansatz, jedoch mit einem komplexeren Aufbau und auf einem 
größeren Maßstab: die Modelle werden unter Boudinage-Bedingungen deformiert, welche einer al-
ternierenden Lithologie unter vertikaler Kompression und horizontaler Extension entspricht und die 
simultane Entstehung mehrerer paralleler Klüfte in der zentralen, spröden Schicht ermöglicht. Die 
Klüfte werden nach der Deformation mit neuem DEM Material versiegelt und erneut in verschiedene 
Richtungen deformiert. Selbst kleine Änderungen in der Extensionsrichtung aufeinanderfolgender 
Deformationen kann bei schwachen Kluftfüllungen eine dramatische Erhöhung der Kluftkonnektiv-
ität nach sich ziehen. Dies geschieht durch eine Reaktivierung bestehender Kluftfüllungen und durch 
Verbindungen über Sekundärbrüche,  welche nicht entlang der großmaßstäbigen Spannungsrichtung 
orientiert sind.
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Starke Kluftfüllungen zeigen nur einen geringen Einfluss auf das Bruchverhalten, da diese sehr effektiv 
durch überspringende Brüche überwunden werden.
Der Einfluss der Randbedingungen wird in Kapitel 4 anhand zusätzlicher Simulationen unter Kombi-
nation unterschiedlicher Aspekte der vorherigen Modelle untersucht. Es wird gefolgert, dass Nuklea-
tion und interne Ablenkung nicht erheblich von den Randbedingungen beeinflusst werden. Dyna-
mische Aufspaltung sowie externe Ablenkung an festen Kluftfüllungen werden unterbunden sobald 
Interaktionen zwischen Brüchen eine übergeordnete Rolle spielen. 
Kapitel 5 befasst sich mit der Untersuchung von Deformationsstrukturen in einem Gebiet auf dem 
Südhang des Jabal Akhdar Gebirges. Vergleichsbeobachtungen zeigen, dass die satellitengestützte 
Kartierung von Störungen hinreichend gute Ergebnisse erzielt, jedoch keine Auskünfte über Versatz 
und Kinematik liefern kann. Lineamente auf Satellitenbildern sind größtenteils spröde Deformations-
strukturen, aber eine Unterscheidung zwischen offenen und gefüllten Klüften ist nicht möglich. 
Das dominante, NO-SW streichende, konjugierte Störungssystem folgt auf  eine schichtparallele 
Scherung. Störungsbezogene Kluftfüllungen fügen sich in die gegen den Uhrzeigersinn rotierende 
Abfolge von Kluftfüllungen ein. Rezente Klüfte werden stark von bereits bestehenden Kluftfüllungen 
beeinflusst. 
Das abschließende Kapitel 6 liefert eine Klassifikation aller abgrenzbaren Deformationsphasen, von 
denen im Arbeitsgebiet mindestens sieben anzutreffen sind. Diese beinhalten frühe, schichtgebundene 
Kluftfüllungssysteme und weitere Strukturen, die als Folge NO-SW gerichteter Extension entstand-
en sind und Hinweis auf eine Rotation des Spannungsfeldes gegen den Uhrzeigersinn geben. Diese 
werden überprägt von einem ausgeprägten Abschiebungssystem und mindestens zwei Phasen hori-
zontaler Kompression. Jede Deformationsphase zeigt eine unterschiedliche räumliche und stratigra-
phische Ausprägung. Frühe Phasen weisen eine hohe stratigraphische Variabilität auf, sind aber lateral 
sehr beständig. Mit Auftreten der Störung wandelt sich das Bild hin zu einer stärker ausgeprägten lat-
eralen Variabilität.  Die unterschiedlichen räumlichen und stratigraphischen Ausprägungen erzeugen 
in Zusammenspiel mit den verschiedenen mechanischen Einflussmöglichkeiten bestehender Kluftfül-
lungen die Vielseitigkeit der im Feld anzutreffenden Kluftfüllungssysteme. Die Integration der ge-
wonnen Erkenntnisse aus Feldarbeit und numerischer Simulation ermöglicht eine Übersicht über die 
komplexen und vielfältig gekoppelten thermischen, mechanischen, hydraulischen und chemischen 
Prozesse, welche die Entstehung von Kluftfüllungssystemen beeinflussen. 
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1Chapter 1  Introduction
1. IntroductIon
1.1 IntroductIon
Fractures are the most common and ubiquitous deformation structure in rocks of the middle and up-
per crust (Pollard and Aydin, 1988; Caputo, 2010). Fracture systems control the fluid flow in low-
permeability rocks (e.g. Cox et al., 2001) and are therefore of major importance for a variety of fields, 
including geothermal energy, hydrocarbon exploration and nuclear waste disposal.
In large parts of the crust fractures do not remain open, but seal by crystal growth from supersaturated 
fluids into the open space of the fracture (e.g. Hilgers, 2000; Nollet et al., 2005 and references 
therein). Sealing of fractures does not only reduce the permeability of the structure, it also restores the 
mechanical strength of the rock and allows tensile stress to accumulate and unload in a new fracture 
event. The mechanical parameters of the vein-host rock system determine where new fractures form 
(Holland and Urai, 2010): Weak veins localize fracturing and grow in aperture with subsequent frac-
ture events, forming crack-seal veins (Durney and Ramsay, 1973; Ramsay, 1980). Strong veins (once 
completely sealed) do not have the tendency to reactivate. Fractures rather localize in the surrounding 
weaker host rock and form bundles of parallel veins in which each vein represent a single fracturing 
and sealing event. This process is known as the crack-jump mechanism (Caputo and Hancock, 1999).
Compartments of the crust in which many subsequent cycles of fracturing and sealing accommodate 
strain over an extended time are commonly referred to as crack-seal systems, regardless whether the 
veins form via a crack-seal or crack-jump mechanism.
Veins are in many ways a very useful source of information in geology: They can help to reconstruct the 
geodynamic evolution of an area by providing a chronological order of deformation events and allow 
for a reconstruction of the paleostress field, including constraints on stress orientation, magnitude and 
fluid overpressure (Price and Cosgrove, 1990; Renard et al., 2005; Jaeger et al., 2007; Nüchter 
and Stöckhert, 2008; Van Noten et al., 2011; Bons et al., 2012). The microstructures of veins 
contain valuable information about kinematics and the mechanical state of the system during defor-
mation (Urai and Williams, 1991; Bons, 2000; Bons, 2001; Passchier and Trouw, 2005; Maeder 
et al., 2014 and references therein) and can even be used to infer rates of deformation (Lander and 
Laubach, 2014). Chemical and isotopic analysis of vein cement and fluid inclusion furthermore al-
low inference of the thermal and chemical environment during vein formation and can be used to 
draw conclusions on fluid flow and mass transfer properties of the system (e.g. Dietrich et al., 1983; 
Boullier and Robert, 1992; Fisher and Brantley, 1992; Sharp and Kirschner, 1994; Muchez 
et al., 1995; Cox, 2007).
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A solid understanding of the diverse coupled processes that act during the formation and evolution of 
crack-seal systems is of major importance to put this wealth of information into context and draw the 
right conclusions from these data.
The Jabal Akhdar anticline in the central Oman Mountains is the best place on earth to study crack-seal 
vein networks (J. L. Urai, pers. comm.). The complex vein systems in this exhumed high-pressure cell 
are exceptionally well exposed and have been the subject of various studies on many scales. Our current 
knowledge about the geodynamic evolution of North Oman is (in large parts) based on interpretation 
of brittle deformation structures in this area (e.g. Breton et al., 2004; Al-Wardi and Butler, 2007; 
Holland et al., 2009; Gomez-Rivas et al., 2014). The vein systems have been analyzed to constrain 
the evolution of fluid pressure, fluid flow and hydrocarbon migration in the vein networks and along 
faults (Hilgers et al., 2006; Arndt et al., 2014; Stenhouse, 2014; Fink et al., submitted) and have 
been used as quality examples for many meso- and microstructural vein phenomena (e.g. Holland 
and Urai, 2010; Bons et al., 2012). The Jabal Akhdar is an ideal field laboratory to conceive concepts 
for the evolution of vein networks and test the results of analogue modeling and numerical simulations. 
This not only expands the knowledge about the evolution of the Jabal Akhdar and the tectonic history 
of the Oman Mountains, but also provides insights into the complex processes acting in crack-seal 
systems in general that can be applied to crack-seal systems around the world. 
1.2 AIm of thIs thesIs
Despite the advances in recent years in the study of crack-seal systems in the Jabal Akhdar and else-
where, the understanding of the coupled thermal, hydraulical, mechanical and chemical (THMC) 
processes acting during the evolution of these complex systems is still in its infancy. The aim of this 
thesis is to contribute to the ongoing research on these coupled processes by a combination of field 
methods and numerical simulation. The main focus of this work is on the mechanical interactions 
during the iterative growth of vein systems by multiple events of fracturing and sealing under chang-
ing stress conditions. 
The effects of veins as mechanical heterogeneities are simulated with the Discrete Element Method in 
parametrical studies to:
1. Explore the impact of preexisting veins on the fracture behavior of rocks 
2. Link crack-seal vein structures to mechanical conditions to enable the use of vein systems as in-situ 
mechanical gauges.
3Chapter 1  Outline of this thesis
The subsequent phases of deformation in the Jabal Akhdar, under which the complex crack-seal vein 
networks in the area have evolved, are constrained by detailed fieldwork. The variability and character-
istics of each phase of veining are deduced to gain insights into the mechanical evolution of the system 
and their coupling to thermal, hydraulic and chemical mechanisms.
1.3 outlIne of thIs thesIs
The chapters 2,3 and 5 are slightly modified versions of papers previously published in peer-reviewed 
journals. Chapter 6 is planned for publication in combination with microstructural work by Arndt 
(submitted). These chapters are therefore self-standing entities in which some repetition is inevitable. 
Chapter 2: Extension fracture propagation in rocks with veins: Insight into the crack-seal pro-
cess using Discrete Element Method modeling
The interactions between fractures and preexisting veins are explored in a series of 3-D Discrete Ele-
ment models. Various styles of fracture-vein interaction evolve in the models in dependence of the 
misorientation of the preexisting vein to the direction of fracturing and the strength ratio between vein 
and host rock. The results are compared to natural examples from the Jabal Akhdar and implications 
for the interpretation of vein interactions are discussed 
Chapter 3: The evolution of crack-seal vein and fracture networks in an evolving stress field: 
Insights from Discrete Element Models of fracture sealing
In this chapter cyclic fracturing and sealing of fractures under a changing stress field is studied with 
multiphase 3-D Discrete Element Models. The model setup and loading conditions are designed to 
resemble a layered stratigraphy under vertical compressive loading and horizontal extension in variable 
directions. The influence of older generations of veins on the development of fracture paths and the 
connectivity of fracture systems are analyzed. The results have implications for the evolution of crack-
seal systems and fracture-controlled fluid flow and are tested against a natural example. 
Chapter 4: Differences in fracture-vein interaction styles depending on loading conditions in 
Discrete Element simulations
In this chapter the stability of structural styles of fracture-vein interaction and their dependency on 
loading conditions is tested with a short series of simulations. The boundary conditions of the models 
from chapter 3 are applied to the model geometries of chapter 2 and the results are compared to the 
original simulations. 
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Chapter 5: Development of fault and vein networks in a carbonate sequence near Hayl al Shaz, 
Oman Mountains 
This chapter explores the deformation structures in an area on the southern slope of the Jabal Akhdar 
with high resolution mapping, remote-sensing and field analysis. A first temporal order of veins with 
different strike directions is established by the analysis of crosscutting relationships. Remote-sensing 
analysis of brittle deformation structures is tested by extensive ground truthing of faults and linea-
ments. The relation of the analyzed fault network to similar structures observed in oil fields in North 
Oman is discussed together with the relation of the structures with known geodynamic events in the 
area.
Chapter 6: Structural phases and vein pattern variability on the southern slope of Jabal Akhdar, 
Oman
This chapter provides an overview on the deformation phases evident on the southern slope of the Jabal 
Akhdar. It provides reasons for the high variability of vein structures in outcrop and discusses mechani-
cal, thermal and hydraulical feedback mechanisms that have affected the crack-seal vein system during 
its evolution, integrating the findings from the previous studies on fracture-vein interaction.
An outlook and recommendations for further studies is given separately in chapter 2,3 and 6 as well as 
in the final chapter of this thesis.
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Peer-reviewed publications 
Virgo, S., M. Arndt, Z. Sobisch and J.L. Urai (2013), Development of fault and vein networks in 
a carbonate sequence near Hayl al Shaz, Oman Mountains, GeoArabia (Manama), Vol. 18, no. 
2, 99-136.
Virgo, S., S. Abe and J.L. Urai (2013), Extension Fracture Propagation in Rocks with Veins: Insight 
into the Crack-Seal Process using DEM Modeling, Journal of Geophysical Research - Solid 
Earth, Vol. 118 (10), p. 5336-5251, doi:10.1002/2013JB010540.
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Geophysical Research: Solid Earth, v. 119, no. 12, p. 8708–8727, doi: 10.1002/2014JB011520.
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Chapter 2  Abstract
2. extensIon frActure ProPAgAtIon In rocks wIth veIns: InsIght Into 
the crAck-seAl Process usIng dIscrete element method modelIng
Simon Virgo, Steffen Abe and Janos L.Urai
An edited version of this chapter was published in Journal of Geophysical Research: Solid Earth (2013).
2.1 AbstrAct
We investigate how existing veins interact with extension fractures in rocks using 3-D Discrete Ele-
ment Method models with a geometry inspired by tension tests with notched samples. In a sensitivity 
study, we varied (a) the angle between the vein and the bulk extension direction and (b) the strength 
ratio between host rock and vein material. Results show a range of vein-fracture interactions, which fall 
into different, robust, “structural styles.” Veins, which are weaker than the host rock, tend to localize 
fracturing into the vein, even at high-misorientation angles. Veins, which are stronger than the host 
rock, cause deflection of the fracture tip along the vein-host rock interface. Fractures are arrested at 
the interface from weak to stronger material. When propagating from a stronger to a weaker material, 
macroscopic bifurcation of the fracture is common. Complex interactions are favored by a low angle 
between the vein and the fracture and by high-strength contrast. The structural styles in the models 
show good agreement with microstructures and mesostructures of crack-seal veins found in natural 
systems. We propose that these structural styles form the basis for criteria to recognize strength con-
trasts and stress of crack-seal systems in nature. 
2.2 IntroductIon
Fractures in the upper crust commonly form in rocks that contain veins, as shown by crack-seal micro-
structures (Ramsay, 1980) and vein overprinting. 
Although newer veins often cut straight across the older vein, there are many cases in which this inter-
action is more complex and can involve deflection or refraction at the older vein as well as termination 
and bifurcation of the younger vein. In these cases the orientation of new veins may not be simply 
related to the remote stress field and the age relationships are often unclear. Although interpretation 
of such vein interaction structures is more complex, it also has the potential to provide information 
on the mechanical state of the system, for example on strength contrast between vein and host rock.
Keeping in mind the importance of fracture systems in rock for a variety of applied fields such as 
geothermal engineering, geohazards, hydrocarbons, hydraulic fracturing and nuclear waste disposal, a 
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better understanding of complex fracture-vein interactions would be useful. 
The mechanical problem of fracturing in a rock volume containing a vein is a subset of fracture me-
chanics problems regarding bimaterial systems with interfaces (two parallel interfaces in this case) and 
fractures propagating obliquely to the interfaces. The known possible interactions of the fracture tip 
with the interface are penetration, refraction or deflection (delamination) (Cook et al., 1964). In ad-
dition, dynamic effects such as bifurcation of the fracture or arrest of the fracture at the interface are 
possible. 
In the fields of structural geology, rock mechanics and materials science, the problem of fracture 
propagation at the interface of bimaterial systems has mostly been addressed for two classes: (i) the 
formation of fractures parallel to the interface and (ii) propagation of fracture at nonzero angle to the 
interface.
In what follows, we briefly discuss the relevant literature and propose the approach followed in this 
study. (i) The scenario of fractures evolving in a direction subparallel to a preexisting discontinuity in 
geological materials is the subject of papers dealing with the microstructures of crack-seal veins and the 
evolution of parallel fracture sets. A critical difference between the mechanical properties of veins and 
fractures is that veins have a cohesion and therefore are able to accommodate tensile stress (Caputo, 
2010). Depending on the strength ratio between host rock, vein and interface, the new fracture will 
localize either in the vein, at the vein-host rock interface or in the host rock (Caputo and Hancock, 
1999; Holland and Urai, 2010).
If the vein is weaker than the host rock and the interface, fracturing localizes in the vein, producing 
syntaxial or ataxial crack-seal microstructure. Repeated delamination of the vein-host rock interfaces 
creates antitaxial crack-seal microstructures and inclusion bands for cases where the interface is the 
weakest element of the system (Durney and Ramsay, 1973; Urai and Williams, 1991; Passchier 
and Trouw, 2005; Bons et al., 2012).
If the vein and the interface are stronger than the host rock, fractures tend to form in the host rock. 
Repeated fracturing and sealing can produce sets of parallel microveins with single veins reflecting the 
aperture of a single fracture event. This mechanism is known as the crack-jump mechanism (Caputo 
and Hancock, 1999).
The strength ratios in the system depend on the one hand on the strength of the host rock which may 
vary in space (e.g. bedding) (Caputo and Hancock, 1999) and time (e.g. diagenesis) (de Joussineau 
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et al., 2005) and on the other hand on the mechanical properties of the vein. Although the strength of 
a vein increases with progressive healing of the fracture, the evolution of strength depends on numer-
ous factors such as the strength and morphology of growing crystals and their adhesion to the host rock 
(Hilgers, 2000; Oliver and Bons, 2001). Strength can be highly heterogeneous along a partially 
healed fracture, as shown by studies of bridge crystals (Laubach et al., 2004; Gale et al., 2010). 
In the field of material sciences and engineering, the geological crack-seal (Ramsay, 1980) and crack-
jump mechanism (Caputo and Hancock, 1999) is comparable to the failure of adhesives: an adhesive 
is –just as the secondary mineral infill of a vein- a substance that restores the mechanical strength of 
two sub parallel interfaces. 
In the common terminology of this field, the crack-jump mechanism would relate to a substrate or 
structural failure. Failure inside the vein material, the mechanism that leads to syntaxial veins, is called 
a cohesion failure. Accordingly, fracturing of the interface between host rock and vein is called adhe-
sion failure (Kinloch, 1987) which would lead to antitaxial growth. 
(ii) The case where a fracture is interacting with a bimaterial interface perpendicular to its propagation 
direction is the other geometric end member. The most common example of this geometry found in 
the geological literature is the interaction of fractures with bedding planes.
It is commonly inferred that fractures are not able to propagate across a bedding plane if it is weak and 
has a high tendency to slip (Biot et al., 1983; Thiercelin et al., 1987; Brenner and Gudmunds-
son, 2004). Instead, the fractures tend to divert at the interface, delaminating it in a shear fracture. 
Interfaces with a higher resistance to slip are found to initiate fracture step-overs: A fracture inhibited 
in its growth by an interface nucleates a secondary fracture in the juxtaposed material. This secondary 
fracture grows parallel to the primary fracture but is commonly offset at the interface between the lay-
ers (Helgeson and Aydin, 1991; Cooke and Underwood, 2001). 
Studies that explore the mechanics of fractures inclined to the interfaces are rare in the geologic lit-
erature. Examples are Gudmundsson et al. (2010) who studied the initiation and propagation of 
fractures in fault zones by treating the fault zone as a mechanically layered, elastic inclusion, and Tien 
and Kuo (2001) who proposed a failure criterion for transversely isotropic rocks.
The interaction between fractures and interfaces is of great importance in the field of material science, 
especially in the field of composites. Here interactions between an approaching fracture tip and a plane 
of weakness were studied by Cook and Gordon (1964) to explain the toughening effect of delamina-
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tion on the tensile strength of composites. 
A formulation of the problem in terms of Linear Elastic Fracture Mechanics was published by He and 
Hutchinson (1989). They proposed an energy-based fracture criterion that allows the relation of the 
ratio of energy release rates for penetration and deflection at an interface to the Dundurs parameters 
(Dundurs, 1969) for a set of different problem geometries under static loading conditions. This al-
lows the prediction of the behavior of a single propagating fracture at an interface between two linear 
elastic, isotropic materials, if the elastic parameters of the involved materials as well as the critical 
energy release rates necessary for fracture propagation are known for the materials as well as for the 
interface. This fracture criterion has been further developed by Martínez and Gupta (1994), Leslie 
Banks-Sills (2000), Martin et al. (2001), and Kim et al. (2008).
Recent work is increasingly focused on the combination of energy-based and strength-based approach-
es to fracturing which has proven its applicability and robustness for a wide range of applications, even 
in regimes where neither energy-based fracture criteria nor strength-based fracture criteria alone are 
sufficient (Martin et al., 2001; Parmigiani and Thouless, 2006; Paluszny and Zimmerman, 2011; 
Leguillon and Martin, 2012) .
So far, none of the existing Linear Elastic Fracture Mechanics (LEFM) algorithms is able to predict the 
fracture behavior in a bimaterial system with two parallel, inclined interfaces (M. L. Cooke, personal 
communication 2013). 
Furthermore, the micromechanics of failure in high-strength materials differ from those of rocks, 
which usually show a more complex fracture behavior due to their heterogeneous nature (Jaeger et 
al., 2007). This means that a direct application of the results from material science to rock mechanics 
is not straightforward. An analytical solution covering all the processes that might be of importance 
for interface problems in rock (fracture tip damage mechanics, dynamic effects, nucleation of new 
fractures, three-dimensional effects) has not been established so far because of its extreme complexity 
(Patrício and Mattheij, 2010).
In summary, the evolution of fractures in veined rocks is not well understood, yet common. Although 
the basic modes of interaction are recognized, existing work has limited predictive capability for this 
system. More work is needed to create a toolbox for the correct interpretation of vein interaction 
structures. 
Keeping in mind the above discussion, in this work, we explore a simple system that nevertheless cov-
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ers the main mechanical aspects of brittle rock deformation and is able to simulate the interaction of 
veins oblique to extension fractures, using the Discrete Element Method.
2.3 methods
The Discrete Element Method (Cundall and Strack, 1979; Donzé, 1994; Mora and Place, 1994; 
Abe et al., 2004; Potyondy and Cundall, 2004) has become a well-established technique in rock 
mechanics. It utilizes volumes of packed spherical particles that interact with their nearest neighbors 
via brittle, frictional elastic or plastic interaction to simulate the response of a material to applied stress 
and strain (Thornton, 2000; Abe and Mair, 2005; Schöpfer et al., 2007; Mair and Abe, 2008; 
Hardy et al., 2009; Wang and Tonon, 2009; Abe et al., 2011; Schöpfer et al., 2011; Hardy, 2011; 
Abe and Urai, 2012; Yoon et al., 2012; Schöpfer and Childs, 2013).
Unlike in other numerical approaches like the Finite Element Method, the macroscopic mechanical 
properties of the simulated materials are not directly assignable. Instead, they result from the geomet-
ric properties of the model material such as porosity, particle packing and particle size distribution in 
combination with the parameters of the particle-particle interactions (Yoon, 2007; Egholm, 2007; 
Schöpfer et al., 2009; Fakhimi and Alavi Gharahbagh, 2011; Weatherley, 2011). The resulting 
macroproperties of the model material are usually obtained from numerical lab experiments such as 
triaxial tests and unconfined compression and tension tests. 
Different from a continuum approach, discrete element simulations always contain an intrinsic micro-
structural heterogeneity (Cundall, 2001; Koyama and Jing, 2007), which is an important premise 
for localization of deformation and especially important when simulating the complex processes acting 
during brittle deformation of rocks.
In this work, we use the parallel Discrete Element Method (DEM) software ESyS-Particle (www.
launchpad.net/esys-particle) to enable the simulation of large models each containing approximately 
250,000 particles. To obtain realistic fracturing behavior of the brittle model material, we use the im-
plementation of the brittle-elastic particle-particle bonds by Wang et al. (2006) which takes normal, 
tangential, bending and torsional components of the deformation into account.
The mechanical properties of the model material result partly from the parameters of the particle-
particle interaction and partly from the particle packing, which is determined by the chosen packing 
algorithm. The mechanical properties of our model materials were obtained using five different ran-
dom packings of a rectangular volume of 10 × 20 × 10 model units (about 5300 particles), in a series 
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of confined tension and compression tests. First, a failure envelope was constructed using the closed-
form method (Pincus, 2000; Ramsey and Chester, 2004) (Figure 1). A true triaxial failure criterion 
(Mogi, 1974) was not constructed since the planned model setup operates at constant intermediate 
stress and under low-mean stress conditions. In addition, the unconfined tensile strength (UTS) and 
the unconfined compressive strength (UCS) was determined for seven different cohesion values of the 
brittle particle-particle interaction, so that ratios of bond cohesion can be directly related to tensile 
strength ratios at macroscopic scale (Figure 2).
Figure 1: Mohr Space plot of failure envelopes derived for five random particle packings. Each failure envelope 
was constructed from the data of eleven numerical calibration experiments with varying confinement. The cohe-
sion of the brittle beam particle interaction was fixed to C=0.01. The failure envelopes show little dependency 
on the packing, especially at low-mean stress.
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Figure 2: Unconfined tensile strength (UTS) and unconfined compressive strength (UCS) of the particle pack-
ings plotted against the cohesion parameter of the brittle beam particle interaction. Both show a linear relation-
ship with the bond cohesion, whereas the UCS grows faster with increasing cohesion than the UTS.
-0.010 
-0.005 
0.005 
0.010 
0.015 
0.020 
0.025 
0.003 0.010.0090.0080.0070.0060.0050.004
U
C
S
U
TS
Bond cohesion
packing 1
packing 2
packing 3
[model units]
[model units]
The elastic wave propagation speeds Vp and Vs of the model material were calculated by applying a 
normal and shear pulse loading, respectively, to one model wall and track its propagation with time. 
This is required to make sure that the loading conditions are quasi-static. 
We have chosen to use three-dimensional models, because of fundamental difference in the fracture 
behavior of two-dimensional and three-dimensional DEM models resulting from the lack of the tor-
sional fracture criterion in 2-D as well as the fundamental differences in the geometrical properties of 
the two-dimensional packing and to ensure compatibility with subsequent 3-D studies.
Each model consists of a plate-shaped bonded particle volume that has a lateral extent of 100 × 100 
model units and a thickness of 10 model units (Figure 3). 
The plate-shaped geometry was chosen because of the pseudo 2-D nature of the study and to minimize 
computational cost. The volume is packed with around 250,000 particles using an insertion-based 
packing algorithm that produces a power law distribution of particles with a radius between 0.2 and 
1.0 model units. An unbonded notch, five model units long, extends through the model at the center 
of the lower edge to initiate fracturing. The initial geometry, i.e. the particle packing and the bond 
topology of all models presented in the study, is identical. 
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Figure 3: Simulation setup used in the study: the plate-shaped volume consists of <250,000 densely packed 
particles connected via brittle bonds to their direct neighbors as well as to the left and right sidewalls. The 
model is deformed by moving the sidewalls apart at a constant rate. Blue and red particles are connected to the 
sidewalls via elastic bonds. The misorientation angle α of the vein (light grey particles) is defined as the angle 
between the normal of the vein interfaces and the extension direction. The notch at the bottom of the particle 
volume initiates fracturing. The bond cohesion between particles belonging to the vein differs from the bond 
cohesion between host rock particles (dark grey particles). A third class of bonds (interface bonds) exists that 
connect vein particles with host rock particles. The interface bonds share their mechanical properties with the 
vein bonds, unless denoted otherwise.
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A vein is generated inside the model by assigning a tag to the particles in a tabular volume extending 
across the model. In all models, the thickness of the vein is 10 model units. The orientation of the vein 
with respect to the direction of stretching was varied from 10° to 90°.
The mechanical contrast between the vein and the bulk material is obtained by choosing different 
bond cohesions. A lower bond cohesion results in a weaker material that fractures at lower tensile stress, 
whereas a high-bond cohesion produces stronger materials with a higher tensile strength. The tensile 
strength ratio in this study ranges from 0.5 to 2. A different bond class is assigned to particle-particle 
bonds, depending on whether the particles belong to the vein or the bulk material. This results in 
three types of bonds with potentially different strengths: in the vein, in the bulk material and at the 
bulk-vein interface. 
Therefore, the only heterogeneity in our models is in the failure strength, while elastic parameters are 
homogeneous. Clearly, a contrast in the elastic moduli between vein and host rock could also influ-
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ence the behavior of the model by perturbation of stress field (Eshelby, 1957; Sendeckyj, 1970), but 
contrasts in strength are recognized as the most important parameter for interface fracture problems 
(Cook et al., 1964; Thiercelin et al., 1987; Gupta et al., 1992); models with contrasts in elastic 
properties will be studied in the second phase of this project.
The identical initial packing of the simulations facilitates the study of the effect of parameters varied. 
For the type of problems studied here, a different realization of the same random packing is not ex-
pected to produce fundamentally different results (Abe et al., 2011). The spatial scale of the intrinsic 
heterogeneity of the particle packing is at least 1 order of magnitude smaller than the smallest model 
elements (vein thickness, thickness of the plate, notch). 
All models were fractured under displacement-driven uniaxial unconfined extension. Boundary condi-
tions were applied using infinite planar “walls” with which the particles along the model boundaries 
are interacting using strong elastic bonds. Loading was applied via servo-controlled horizontal move-
ment of the walls, at a constant rate after an initial linear ramp-up sequence. The velocity of the walls 
was less than 0.05% of Vp so that the loading can be regarded as quasi-static. For each time step of the 
simulation, the number of bonds in the model as well as the force acting on the moving sidewalls was 
tracked. Furthermore, a complete snapshot of each model was produced every 1000 time steps includ-
ing position and movement vector of each particle and the state of every bond in the model. Selected 
models were rerun with an increased temporal resolution to study the brittle failure in detail.
The Visualization Toolkit (www.vtk.org) and ParaView (www.paraview.org) were used for post-pro-
cessing and visualization. 
2.4 results
In all models, the first stage of nonelastic deformation consists of micro crack nucleation (isolated 
breakage of bonds) ahead of the notch and –for the cases where the vein is much weaker than the host 
rock- distributed in the vein. 
In the second stage, a propagating fracture evolves. The fracture grows by the interconnection of mi-
crofractures that continue to nucleate in the high-stress process zone ahead of the fracture tip. Detailed 
investigation of the microcrack (broken bond) in the baseline model (Figure 4) has shown that the 
damage zone is narrow close to the notch and becomes wider as the fracture propagates. Occasionally, 
a new fracture nucleates a distance ahead of the propagating fracture tip and both fractures join up, 
forming a relay.
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Figure 4: Detailed visualizations of the fracture tip in the baseline simulation at two time steps. The excerpts 
show the particles and broken bonds from a thin slice (one model unit thick) out of the center of the model. 
The width of the excerpts is 20 model unit. Particles are colored according to displacement in the extension 
direction. Broken bonds (red) are overlain. The fracture has just initialized at the notch (t=46,000). The fracture 
is well constrained: the position of broken bonds concurs with the highest displacement gradient. Only very 
few bonds are broken in the host rock away from this zone. At increased fracture length, the damage zone has 
grown to up to 10 model units width (t=48,000). The current position of the process zone is in the upper part 
of the excerpt. Strain in this zone is partly partitioned between competing micro fractures. The roughness of the 
resulting fracture surfaces is larger than the microstructural dimension of the DEM Material.
t=46000 t=48000
Displacement in x
0.2 0.4-0.2-0.4
An increase in roughness of the fracture plane as the fracture propagates is also present in our baseline 
model (Figure 5).
Results of the parametric study are shown in Figure 6. In the center of the matrix (models with small 
strength contrasts) the vein does not have a significant influence on the fracture’s geometry. The higher 
the strength contrast and the lower the misorientation angle, the higher the influence of the vein. This 
effect is more pronounced if the veins are weaker than the host rock. The system is sensitive to the 
strength ratio: a large range of different interactions was produced by varying the strength contrast 
between 0.5 and 2.
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Figure 5: Fracture evolution in the baseline simulation that does not contain a vein. The figure shows from left 
to right three successive stages of the model during failure. The upper row visualizes the displacement field of the 
particles. Blue color relates to displacement to the left and red color to displacement to the right, relative to the 
particles initial position. The middle row shows each broken bond in the simulation up to the current time step 
as a plate, colored according to the time of fracturing. In the bottom row each bond is highlighted in red that 
experiences tensile elastic strain at the given time step. This visualization is a qualitative proxy for the magnitude 
and distribution of tensile stress in the model volume. The displacement plot shows only the state of the top sur-
face of the model. In the broken bond and bond strain plots, the particles are transparent so that the bond state 
of the whole volume is visible. Tensile elastic strain has built up in the entire model (t=45,000). Few particles 
have broken in the model, mostly in the zone of high elastic strain ahead of the notch. A fracture has nucleated 
at the notch and started propagating upward (t=48,000). Close to the notch, the damage zone is very narrow 
and the fracture well constrained. With growing distance to the notch, the damage zone has become wider and 
the fracture front has split up forming a more complex zone. Remaining elastically strained bonds indicate that 
the fracture segments are still not fully connected. The model is completely fractured and the elastic strain has 
vanished (t=50,000). The width of the damage zone has not grown further. 
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Three processes can be identified that control the resulting fracture geometry and structural style: de-
flection, bifurcation and nucleation of fractures in the vein. A fourth process, the fracture step-over, 
occurs only occasionally and shows no correlation with misorientation angle and strength contrast. We 
will now describe each of these in turn.
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Table 1: List of all simulations used in this study. In addition to the parameters of each simulation, the 
list contains the peak strength of each model, the number of broken bonds and the relative attribution 
of each bond type to the total number of broken bonds.
Matrix [%] Vein [%] Interface [%]
1 90° 1: 0.5 0.005 0.0025 0.0025 0.001769 9027 86.87 12.19 0.94
2 90° 1: 0.625 0.005 0.003125 0.003125 0.001939 13378 69.99 27.81 2.20
3 90° 1: 0.8 0.005 0.004 0.004 0.001916 11915 84.03 14.89 1.08
4 90° 1: 1.1 0.005 0.0055 0.0055 0.001915 10761 88.04 11.18 0.78
5 90° 1: 1.3 0.005 0.0065 0.0065 0.001924 10294 90.04 9.38 0.57
6 90° 1: 1.6 0.005 0.008 0.008 0.001938 9476 92.83 6.83 0.34
7 90° 1: 1.72 0.005 0.0086 0.0086 0.001940 8934 93.52 6.19 0.29
8 90° 1: 1.86 0.005 0.0093 0.0093 0.001940 8575 93.55 6.15 0.30
9 90° 1: 2 0.005 0.001 0.001 0.001913 13522 94.88 4.91 0.21
10 60° 1: 0.5 0.005 0.0025 0.0025 0.001735 9524 74.10 23.16 2.74
11 60° 1: 0.625 0.005 0.003125 0.003125 0.001943 12543 78.55 18.82 2.63
12 60° 1: 0.8 0.005 0.004 0.004 0.001911 12934 78.64 19.79 1.57
13 60° 1: 1.1 0.005 0.0055 0.0055 0.001912 9879 82.92 16.21 0.87
14 60° 1: 1.3 0.005 0.0065 0.0065 0.001912 9763 87.56 11.46 0.98
15 60° 1: 1.6 0.005 0.008 0.008 0.001912 8972 88.83 10.51 0.66
16 60° 1: 1.72 0.005 0.0086 0.0086 0.001929 8628 91.10 8.28 0.63
17 60° 1: 1.86 0.005 0.0093 0.0093 0.001929 8484 92.26 7.28 0.46
18 60° 1: 2 0.005 0.001 0.001 0.001912 11226 92.78 6.71 0.51
19 50° 1: 0.5 0.005 0.0025 0.0025 0.001775 15282 45.30 43.36 11.35
20 50° 1: 0.625 0.005 0.003125 0.003125 0.001935 14738 65.25 32.11 2.65
21 50° 1: 0.8 0.005 0.004 0.004 0.001940 12210 76.99 21.28 1.74
22 50° 1: 1.1 0.005 0.0055 0.0055 0.001940 10074 81.49 17.35 1.16
23 50° 1: 1.3 0.005 0.0065 0.0065 0.001940 9648 85.12 13.88 1.01
24 50° 1: 1.6 0.005 0.008 0.008 0.001940 9664 91.27 8.11 0.62
25 50° 1: 1.72 0.005 0.0086 0.0086 0.001940 9781 91.24 8.15 0.61
26 50° 1: 1.86 0.005 0.0093 0.0093 0.001940 10253 90.99 8.44 0.58
27 50° 1: 2 0.005 0.001 0.001 0.001940 11412 92.35 7.21 0.44
28 40° 1: 0.5 0.005 0.0025 0.0025 0.001709 16634 19.47 61.09 19.44
29 40° 1: 0.625 0.005 0.003125 0.003125 0.001939 15369 45.36 47.11 7.53
30 40° 1: 0.8 0.005 0.004 0.004 0.001929 13535 65.47 32.19 2.33
31 40° 1: 1.1 0.005 0.0055 0.0055 0.001929 10008 80.99 17.74 1.28
32 40° 1: 1.3 0.005 0.0065 0.0065 0.001929 9742 86.87 12.02 1.11
33 40° 1: 1.6 0.005 0.008 0.008 0.001929 8282 87.77 11.36 0.87
34 40° 1: 1.72 0.005 0.0086 0.0086 0.001929 10962 90.84 8.37 0.79
35 40° 1: 1.86 0.005 0.0093 0.0093 0.001929 10909 86.22 11.85 1.93
36 40° 1: 2 0.005 0.001 0.001 0.001929 10331 87.69 10.31 2.00
37 30° 1: 0.5 0.005 0.0025 0.0025 0.001666 14994 15.44 64.44 20.12
38 30° 1: 0.625 0.005 0.003125 0.003125 0.001939 14728 44.05 45.99 9.96
39 30° 1: 0.8 0.005 0.004 0.004 0.001913 12837 56.21 39.28 4.51
40 30° 1: 1.1 0.005 0.0055 0.0055 0.001909 10280 75.86 22.39 1.75
41 30° 1: 1.3 0.005 0.0065 0.0065 0.001914 9491 80.18 18.41 1.41
42 30° 1: 1.6 0.005 0.008 0.008 0.001929 9765 84.80 13.65 1.55
43 30° 1: 1.72 0.005 0.0086 0.0086 0.001929 8575 75.90 20.52 3.58
44 30° 1: 1.86 0.005 0.0093 0.0093 0.001929 11058 81.04 15.60 3.36
45 30° 1: 2 0.005 0.001 0.001 0.001929 9985 90.42 6.79 2.79
46 20° 1: 0.5 0.005 0.0025 0.0025 0.001682 12987 9.89 73.44 16.67
47 20° 1: 0.625 0.005 0.003125 0.003125 0.001941 14036 32.82 54.62 12.56
48 20° 1: 0.8 0.005 0.004 0.004 0.001939 12441 28.09 66.34 5.57
49 20° 1: 1.1 0.005 0.0055 0.0055 0.001939 9290 69.87 28.44 1.69
50 20° 1: 1.3 0.005 0.0065 0.0065 0.001939 8790 73.45 24.39 2.16
51 20° 1: 1.6 0.005 0.008 0.008 0.001939 7626 73.09 25.20 1.70
52 20° 1: 1.72 0.005 0.0086 0.0086 0.001939 7797 79.02 19.65 1.33
53 20° 1: 1.86 0.005 0.0093 0.0093 0.001939 10106 81.21 14.70 4.09
54 20° 1: 2 0.005 0.001 0.001 0.001939 8571 88.94 7.19 3.87
55 10° 1: 0.5 0.005 0.0025 0.0025 0.001120 16942 5.59 81.77 12.64
56 10° 1: 0.625 0.005 0.003125 0.003125 0.001657 14201 9.38 79.87 10.75
57 10° 1: 0.8 0.005 0.004 0.004 0.001948 13454 16.20 75.98 7.82
58 10° 1: 1.1 0.005 0.0055 0.0055 0.001968 9162 27.18 70.21 2.61
59 10° 1: 1.3 0.005 0.0065 0.0065 0.001968 9250 73.07 21.17 5.76
60 10° 1: 1.6 0.005 0.008 0.008 0.001968 9111 88.34 7.61 4.05
61 10° 1: 1.72 0.005 0.0086 0.0086 0.001968 8944 92.20 5.08 2.73
62 10° 1: 1.86 0.005 0.0093 0.0093 0.001968 9251 93.82 3.78 2.40
63 10° 1: 2 0.005 0.001 0.001 0.001968 8866 95.67 2.75 1.58
64 - 1: 1 0.005 - - 0.001940 9833 100.00 - -
65 30° 1: 2 0.005 0.01 0.005 0.001929 8002 59.66 13.48 26.86
Vein 
cohesion
Interface 
cohesion
Peak 
strength 
Sum of 
broken bonds
Portion of Total Broken Bonds
ID # Misorientation angle
Matrix 
cohesion
Strength 
ratio
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2.4.1 Nucleation
Fractures nucleate in the vein if the vein is weak compared to the host rock (Figure 7). A transition 
between vein- and notch-controlled fracture initiation can be observed in some models (e.g. model 47, 
Table 1 and Figure 6): a fracture nucleates at the notch and propagates toward the vein/host rock in-
terface. Before this fracture reaches the interface, new fractures have nucleated in the vein. These later 
join with the primary fracture. The nucleation behavior is reflected by the bulk failure strength of the 
model (Table 1): nucleation in the vein corresponds to a lower model strength while nucleation at the 
notch results in similar bulk failure strength in all models. Fractures nucleating in the vein propagate 
normal to the extension direction until reaching the vein/host rock interface, where they are arrested 
or deflected. In some cases an arrested fracture might then propagate into the host rock. In veins that 
are oblique to the extension direction, fractures nucleate in an en echelon fashion along the vein. With 
increasing strain, these segments interconnect preferentially along the vein/host rock interface. 
2.4.2 Bifurcation
Bifurcation of the fracture may occur when a fracture propagates from a stronger into a weaker mate-
rial. Bifurcation is distinguished from the occasional fluctuation of the fracture path in the damage 
zone by the following definition:
1. Each of the two branches extends for at least 10 model units in the direction of propagation.
2. The branches extend through the whole thickness of the model.
3. The fracture aperture is partitioned between the branches, i.e. the bifurcation is expressed in  
 the displacement field of the particles. 
Bifurcation is usually symmetrical with an apex angle of 20° to 30° between the branches. It is com-
mon that one of the branches stops propagating after a phase of simultaneous growth. 
Bifurcation in the host rock occurs in models with high-misorientation angles and high-strength ratio 
between the vein and the host rock (Figure 6). In these models, primary fracture arrests at the vein/host 
rock interface, followed by an increase of elastic tensile strain concentrated at the tip, until the fracture 
propagates across the vein. Bifurcation of the fracture occurs after reentry into the host rock and ac-
celeration of the fracture tip to velocities > 0.5 Vp. These velocities are in the expected range for the 
terminal velocity of the material at which fracture propagation turns unstable and dynamic bifurcation 
occurs (Bieniawski, 1968; Hull, 1996; Bertram and Kalthoff, 2003).
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Bifurcation in the vein occurs at low-strength ratio when the vein is too strong to support fracture 
nucleation inside the vein as described in the previous section. In some of these models, multiple 
branching occurs in the vein. Here fracture tip acceleration is not observable (Figure 8). The maximum 
fracture tip velocity in these models is around 0.2 - 0.3 Vp.
Figure 7: Fracture evolution in model 28. Only very little damage can be observed at the notch (t=41,000). The 
amount of distributed damage is high in the weak vein material. Fractures nucleate in the vein material normal 
to the extension direction arranged as en echelons along the vein. The fracture tips do not penetrate into the 
host rock but get deflected along the vein/host rock interface. At the lower end of the model, a fracture left the 
interface and propagated into the host rock (t=42,000). Its propagation arrested before reaching the lower end 
of the model due to stress shielding by the notch and a parallel fracture that has formed at the lower end of the 
vein. After a phase of low-fracture activity and stress buildup, the formerly isolated segments of the fracture 
have interconnected along the interface as well as by curved fracture segments in the vein material (t=46,000). 
Misorientation angle: 40° Strength ratio: 1 : 0.5
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2.4.3 Deflection
Deflection occurs when a fracture reaches an interface to a stronger material. Rather than propagat-
ing across the interface, the fracture propagates in a mixed mode (I/II) following the interface in the 
weaker material if the strength contrast is high enough (Figure 6). A low-misorientation angle facili-
tates the deflection process. 
If fracturing nucleates in the vein, the deflected fracture follows the vein/host rock interface on the 
vein side and can be active at both of the interfaces (internal deflection) (Figure 7). In contrast, exter-
nal deflection only occurs at one interface (Figure 9). 
Figure 8: Detailed fracture evolution of model 30. A fracture has nucleated at the notch and propagated up-
ward across the interface into the less strong vein material (t=47,200). A widening of the process zone can be 
observed at entry into the vein; however, a significant change in fracture propagation speed is not associated 
with the change of material. The fracture has split up into two branches with an apex angle of 25° that continue 
propagating upwards simultaneously (t=47,800). Final stage of the model (t=50,000). Both branches have con-
tinued propagation across the second interface into the host rock. The left branch has seized propagation after 
some time, whereas the right branch continued propagation through the rest of the model. 
Misorientation angle: 40° Strength ratio: 1 : 0.8
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For both internal and external deflection, the fracture tip propagates preferentially in the weaker mate-
rial, running approximately along the interface. However, the damage zone of the fracture can extend 
across the interface into the stronger material even at a high-strength contrast, leaving patches of the 
strong material on the fracture walls (Figure 10). 
After some propagation in mixed mode along the interface, the fracture eventually stops snapping to 
the interface and propagates into the stronger material as a mode I fracture (partial deflection). 
The length of the deflection pathway increases with decreasing misorientation of the vein as well as 
with increasing strength ratio. 
Figure 9: Detailed fracture evolution of model 45. Fracturing has initialized at the notch and continued up-
ward propagation until reaching the vein interface where it seizes (t=45,000). A new fracture forms around five 
model units ahead of the died out fracture tip in the host rock, directly adjacent to the vein interface from where 
it propagates in mixed mode upward and downward along the interface. The secondary fracture has arrested 
propagation (t=55,000). On its lower end, it forms a relay with the primary fracture. A tertiary fracture has 
nucleated at the vein-host rock interface, forming a relay with the secondary fracture (t=65,000). The secondary 
fracture has interconnected with the primary fracture. Very little damage exists in the host rock across the vein 
and in the vein itself. The fracture was not able to penetrate through the vein in this simulation (full deflection). 
Misorientation angle: 30° Strength ratio: 1 : 2
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Figure 10: (a) Oblique view on the left fracture faces of model 45 (see Figure 9) and (b) a supplementary model 
with the same parameters, except the strength of the interface bond is equal to the strength of host rock bonds 
rather than to the twice as strong vein bonds. Host rock particles are dark grey; vein particles are light grey. 
The particles of the opposing fragment are removed by a displacement filter, leaving an unobstructed view on 
solitary fracture faces. In both models the fracture nucleated at the notch (left) and was fully deflected by the 
vein. The fracture propagated almost exclusively in the host rock (a). Upon deflection, it extends into the vein 
material in a few locations, exposing vein particles on the fracture face. For the rest of the deflected fracture face, 
a thin film of host rock particles remains on the vein interface. At an interface equally weak as the host rock, the 
deflected fracture breaks predominantly interface bonds connecting vein and host rock particles (b). However, 
on some locations the fracture propagates inside the host rock, leaving patches of host rock on the fracture face. 
These host rock patches would relate to host rock inclusions in a crack-seal vein. 
Misorientation angle: 30°
Strength ratio hostrock/vein: 1:2
Interface strength = Matrix strength 
Interface strength = Vein strength 
B
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2.4.4 Fracture step-over
A fracture step-over, similar to those described by Helgeson and Aydin (1991) and Cooke and Un-
derwood (2001) for fractures at bedding interfaces, was observed in two simulations (Figure 6, #11 
and #52). For low-strength ratio, it occurs at high-misorientation angle and for high-strength ratio 
at low-misorientation angle, but we do not have enough resolution in the parameter matrix to define 
the field in which fracture step-over occurs. In both cases the principal process and resulting structure 
are the same: A primary fracture stops at an interface in favor of a secondary fracture that has nucle-
ated in the weaker material at the other side of the interface with a lateral offset, triggered by the stress 
concentration ahead of the tip of the primary fracture (Figure 11). 
Figure 11: Detailed fracture evolution of model 52. The fracture has initialized at the notch and propagated up-
ward straight across the first vein/host rock interface (t=58,000). The fracture, however, did not propagate across 
the second interface but got stuck halfway across the relatively strong vein. After some time of fracture arrest-
ment and stress buildup, the stress concentration zone at the fracture tip extends over the second interface into 
the host rock on the other side. A secondary fracture has nucleated across the vein in the host rock close to the 
stuck tip of the primary fracture and propagates upward with 5° clockwise deviation from the primary fracture 
(t=60,000). The secondary fracture has continued propagation to the upper limit of the model (t=66,000). After 
that, fractures formed breaching the relay between the primary and secondary fracture. The existence of elasti-
cally strained bonds indicates that the interconnection of primary and secondary fracture is still not complete.
Misorientation angle: 20° Strength ratio: 1 : 1.72
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The step over is in both cases left stepping, related to the symmetry of the model. The secondary frac-
ture is not perfectly parallel to the primary fracture but shows a clockwise deviation of ~5°, presumably 
a result of the stress field perturbation caused by the primary fracture. The two fractures later link up 
by curving and abutting.
2.5 dIscussIon
2.5.1 Comparison with natural structures
To illustrate the similarities of our results with natural microstructures, we selected a number of exam-
ples from Jabal Akhdar high-pressure cell in the Oman Mountains. The rocks of this sequence consist 
of Mesozoic carbonates that have experienced several phases of brittle deformation at near-lithostatic 
fluid pressure, well preserved as carbonate veins.
Details about the tectonic history and the microstructures are given elsewhere (see chapter 5 and 6 of 
this thesis and Breton et al., 2004; Hilgers et al., 2006; Al-Wardi and Butler, 2007; Holland 
et al., 2009; Virgo et al., 2013; Gomez-Rivas et al., in press) Vein-vein interactions can be found 
in the field area for nearly all misorientation angles. The structural styles of vein interactions show a 
strong layer dependency (mechanical stratigraphy) (Laurich, 2010; Wüstefeld, 2010; Thronber-
ens, 2010; Raith, 2010). 
Crosscutting is the common interaction found in the field for high-misorientation angles. At low-
misorientation angles (<30°), clear crosscuttings become rare which is in good agreement with the 
DEM simulations presented in this paper. At such low-misorientation angles, veins interact almost 
exclusively by deflection. 
 Deflection can occasionally be observed also for much higher misorientation angles between 30° and 
50° which is also consistent with the simulation results (Figure 12). 
It is not always obvious whether a deflection can be categorized as an internal or external deflection. 
Clearly, both do occur in the field area. Clear examples for bifurcation were not identified.
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2.5.2 Interpretation of vein interactions
The deflection interaction style has so far been largely ignored in the vein literature although it is obvi-
ous that it is common in crack-seal systems. This is in particular critical for age relationship analysis: 
a partly deflected vein can be easily mistaken for a vein crosscut and offset by a younger vein which 
results in an incorrect interpretation of the relative ages of the two veining events (see Figure 12 (c) for 
an example). 
We suggest to use the term “stacked vein” for the segment of a vein that consists of a primary, straight 
vein and one or more deflected veins. 
We have shown that a deflected fracture can snap to a vein interface without the necessity for the in-
Figure 12: Examples of calcite vein interactions from the Oman Mountains. (a) veins nucleate in an older vein 
and reactivate it in mixed mode. The tips of the younger veins extend into the host rock at various locations. The 
structure is in good agreement with the processes observable in model 38. (b) interaction of three successive vein 
generations. The intermediate vein (2) is deflected at the oldest vein (1) at an angle of 25°. The youngest genera-
tion (3) crosscuts both other veins. The angle between vein 3 and vein 1 is >30°. The structure corresponds well 
to the behavior found in the model 34 and 43. (c) veins with a misorientation angle of 25° interact via external 
deflection. A host rock inclusion band separates the veins in the stacked segment. The additional kink in the 
deflected vein results most likely from a more complex structure in 3-D.
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terface to be the weakest element in the system (Figure 10). Patches of thin host rock slivers usually 
remain on the vein side of the fracture during this process and get incorporated into the vein as a host 
rock inclusion after subsequent sealing. We note that it is not necessary to have a heterogeneous vein 
texture or great lateral changes in the strength of the interface to produce this structure: the patchiness/
continuity of the host rock slivers depend on the relative strength of the interface and is produced by 
the undulation of the fracture path propagating in mixed mode along the boundary of the stronger 
vein. Host rock inclusions in veins are usually interpreted as a crack-seal texture. In stacked veins, this 
type of crack-seal texture can evolve even though the vein and vein interface are both stronger than 
the host rock and therefore, the mechanical properties are in favor of the crack-jump mechanism. We 
therefore suggest to limit the differentiation between crack-jump and crack-seal mechanism in terms 
of mechanics to systems with strictly parallel veins.
2.5.3 General validity of the models
The fracture mechanics of the DEM Models is in very good agreement with that found in natural rocks, 
including very similar initiation and propagation behavior of the fracture, a nonelastic process zone, 
undulation of the fracture path, fracture surface roughness as well as dynamic bifurcation (Hoagland 
et al., 1973; Peck et al., 1985; Hull, 1996; Liu et al., 2000; Bahat et al., 2005; Barnhoorn et al., 
2010). 
We identified that regions in the parameter space which are dominated by different structural styles can 
be regarded as robust and insensitive to small changes of the parameters (Nollet et al., 2012). Some 
aspects of the chosen setup and boundary conditions do influence the extent and distribution of those 
styles of behavior; however, they are not expected to change their basic nature. We shortly discuss in 
the following what aspects of the model bias the results and how those relate to a more general natural 
systems. Furthermore, we point out several aspects of the system that should be explored in follow-up 
studies.
2.5.4 Influence of the notch
The unbonded notch introduces a very specific point of weakness in the model and clearly alters to 
which extent fractures nucleate in the vein material. Assuming a homogeneous initial deformation 
field, it is expected that in an unnotched model, the fracture will always nucleate in the weakest ma-
terial. In a much bigger natural system, it is however a realistic situation that a fracture is initiated 
elsewhere and propagates toward the (weaker) vein. This option is well covered with the choice of a 
notched model geometry.
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2.5.5 Loading mechanism and model dimensions
The strain-controlled walls force the model to fracture completely at some point.
For misorientation angles larger than 40°, this means that the fracture must crosscut the vein for a 
complete failure. At high-relative strengths of the vein, crosscutting is associated with dynamic bifurca-
tion. In natural systems, which are much larger than the extent of a single vein and complete failure is 
not a premise, fracturing would rather arrest at the vein and nucleate somewhere else. Bifurcation after 
arrestment therefore is overrepresented in our results. 
The uniaxial tensile loading is the simplest and most general condition to produce tensile fractures. It 
is a reasonable approximation for the conditions, at which many vein systems form.
However, especially the deflection interaction style is expected to show a different spread for true bi-
axial or triaxial loading conditions since it involves mixed-mode fracture propagation. We suggest to 
explore the effect of differential loadings in a subsequent study. That study would benefit from the use 
of a larger, box-shaped 3-D model geometry that allows for arbitrary relative orientations of vein and 
approaching fracture, covering the whole bandwidth of mixed-mode interactions (mode I-II-III) and 
accounts for 3-D effects.
A further study should also investigate the effect of veins on intrusive hydrofractures driven by locally 
high-fluid pressure gradients (invasion percolation) at the fracture tip, as they occur in industrial frack-
ing, mobile hydrofractures or magmatic dikes (Cox, 2005; Komoróczi et al., 2013). 
2.5.6 Vein aperture and heterogeneous elasticity
Two parameters that deserve further investigation are (i) the thickness of the vein and (ii) the hetero-
geneous elastic properties.
(i) The vein thickness is expected to have a non-linear impact on the fracture interaction behavior. It 
is in particular likely to affect the fracture step-over mechanism: If the vein is thick, the stress concen-
tration ahead of the fracture tip is not able to reach across the vein to nucleate fractures. Is a vein thin 
compared to the process zone of the fracture, it might have only very little influence on an approaching 
fracture, even if the vein is very strong. The extent of the process zone depends on the microstructural 
dimension of the model material as well as on the length of the fracture (Liu et al., 2000; Telenga, 
2010). The width of the vein should therefore be related to the microstructural dimension of the 
model material (mean particle radius) and the model size. 
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(ii) Another mechanical property is expected to vary between vein and host rock in natural systems in 
addition to strength is the elasticity (e.g. Young’s modulus). A heterogeneous elasticity would make 
the vein act as an elastic inclusion that can affect the magnitude and orientation of the stress field and 
induce differential stresses at the interface between vein and host rock due to strain incompatibility. A 
change in the magnitude of stress in the vein compared to the host rock can be expressed by an altera-
tion of the strength contrast and to the first approximation; therefore, is not expected to change the 
structural styles and introduce any additional behaviors to those observed in this study. However, the 
impact of the other effects can result in behaviors such as t-shaped delamination or fracture refraction 
that is not covered by the parameter space of this study. Further work is necessary to incorporate the 
effect of heterogeneous elasticity and assess its impact to the system.
2.6 conclusIon
The results presented in this study have implications for the evolution of crack-seal systems and the 
interpretation of vein interaction structures. The presented structural styles are a basis to link crack-seal 
structures and microstructures to the in-situ mechanical conditions of the systems during deformation. 
Changes in the interaction styles can be used to assess how strength ratios evolve over time, for exam-
ple by diagenetic alteration of the host rock or a change of the sealing properties of the veins.
We found the Discrete Element Method a suitable tool to simulate the complex behavior of fractures 
interacting with a vein inside a rock volume. 
We successfully modeled many aspects of vein/fracture interactions preserved as complex crack-seal 
calcite veins in limestones of the Oman Mountains. 
The parameters varied in the study, namely vein misorientation and strength ratio, were able to cover 
the expected bandwidth of interactions and can be regarded as the main controlling parameters of the 
system.
The higher the strength contrast between vein and host rock and the lower the misorientation angle, 
the higher is the resulting degree of interaction between vein and fracture.
The different vein-fracture interactions can be regarded as structural styles, insensitive for small chang-
es in the parameters.
Localization of fracturing in the vein material occurs if the vein material is weak in comparison to the 
host rock. For intermediate-misorientation angles, it can be accompanied by a full deflection of the 
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fracture at the inside of the vein/host rock interface. The tendency of the fractures to propagate across 
the interface into the host rock is higher for high-misorientation angles of the vein and a low difference 
in the strength of host rock and vein. 
Deflection at the outside of the vein-host rock interface occurs if the veins are stronger than the host 
rock. The fractures propagate in mixed mode along the vein interface mostly in the weaker host rock. 
This process can produce host rock inclusion bands in stacked veins. 
The deflection length along a preexisting, misoriented vein is a function of the strength ratio. The two 
end members are crosscutting (very low-strength contrast) and full deflection (high-strength contrast).
 We emphasize that opposing strength ratios can lead to very similar behavior of the system.
Further effects of vein-fracture interaction observed are arrestment of fractures when impinging upon 
a stronger material as well as macroscopic bifurcation when propagating from a stronger into a weaker 
material. 
The process of fracture step-over was only occasionally observed in the study and is not represented as 
a robust structural style.
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3. the evolutIon of crAck-seAl veIn And frActure networks In An 
evolvIng stress fIeld: InsIghts from dIscrete element models of frAc-
ture seAlIng
Simon Virgo, Steffen Abe and Janos L. Urai 
An edited version of this chapter was published in Journal of Geophysical Research: Solid Earth (2014).
3.1 AbstrAct
Veins are ubiquitous in upper and middle crustal rocks. Due to strength and stiffness contrast to the 
host rock, veins can influence crack propagation. Here we present Discrete Element Models to inves-
tigate crack-vein interactions by simulating cycles of fracturing of a rock mass, sealing the cracks to 
form veins, and refracturing the rock mass after rotating the stress field. We observe different styles of 
interaction between new fractures and existing veins, depending on the strength ratio between vein 
and host rock and on the changes in the stress field between the different deformation stages. If the 
orientation of stress field does not change between deformation stages, ataxial crack-seal veins are pro-
duced if the veins are weak and a bundle of subparallel microveins if the veins are strong. If the stress 
field is rotated between deformation stages, the interactions include reactivation, fracture deflection, 
and crosscutting. Reactivation of weak veins occurs even if the vein orientation is highly unfavorable 
relative to the stress field. Relays of fractures between reactivated veins form at a higher angle to the 
veins than expected. This demonstrates that the orientation of secondary veins does not reflect the re-
gional stress field in a simple manner and that veins can strongly influence fracture connectivity, with 
implications for paleostress analysis and basin modeling. Simulation results compare well with field 
examples of multiphase vein networks in carbonates from Jabal Akhdar, Oman.
3.2 IntroductIon
Veins are formed by crystal growth in fractures and represent heterogeneities in a rock that can influ-
ence fracture propagation in addition to the much studied effect on fluid flow. In crack-seal systems 
in the upper and middle crust, fracture propagation in rocks with veins is common, and coupling of 
fracture propagation, crystal growth, and fluid flow produce complex thermal-hydraulic-mechanical-
chemical (THMC) interactions (Durney and Ramsay, 1973; Ramsay, 1980; Fisher and Brantley, 
1992; Laubach et al., 2004; Cox, 2005; Hilgers, 2005; Nüchter and Stöckhert, 2008; Bons et 
al., 2012). Sealing by vein crystals restores the mechanical strength and reduces permeability but in 
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a nonlinear and complexly coupled fashion. The mechanical properties of the sealed vein depend on 
many factors such as host rock properties and the kinetics of the crystal growth that itself depends on 
fluid flow rate, pressure-temperature conditions, and the chemical composition of the fluid (Hilgers, 
2000; Hilgers and Tenthorey, 2004; Nollet et al., 2005).
The mechanical properties of the vein cement can differ from the surrounding host rock, forming a 
mechanical discontinuity in the rock that affects fracture propagation during further brittle deforma-
tion (Virgo et al., 2013a).
This is the case if the vein cement and the host rock have different elastic properties (e.g. Young’s 
modulus, Poisson’s ratio) so that the vein acts as an elastic inclusion that can concentrate and perturb 
the local stress (e.g. Gudmundsson, 2011a, 2011b). Furthermore, the strength (e.g. tensile strength) 
of the vein and its interfaces can be different from the surrounding, meaning that each part of the sys-
tem develops a distinct stress which it can sustain without failing. In this study we focus on the effects 
of contrasts in strength, so the terms strong and weak always refer to relative differences in the tensile 
strength or cohesion of the materials.
Crack-seal veins (Ramsay, 1980) are the most common example of vein-fracture interaction. They 
form by repeated fracturing and sealing localizing inside the vein (syntaxial veins) or at the vein-host 
rock interfaces (antitaxial veins) (Durney and Ramsay, 1973; Ramsay and Huber, 1983; Passchier 
and Trouw, 2005). Syntaxial vein growth can result from imperfect cementation or from a cement 
weaker than the host rock (Laubach, 1988; Holland and Urai, 2010). Antitaxial veins form by 
repeated fracturing of the vein interfaces and is often observed in situations where the host rock is 
chemically incompatible with the vein cement what results in a weak adhesion of the cement crystals 
to the vein walls (Urai and Williams, 1991).
Common microstructural features of the crack-seal mechanism are host rock inclusion bands, stretched 
crystals, and fibrous crystals (Cox and Etheridge, 1983; Fisher and Brantley, 1992; Bons, 2001; 
Hilgers and Urai, 2002).
Repeated delocalized fracturing of a veined rock is called crack-jump (Caputo and Hancock, 1999). 
It produces bundles of subparallel veins in which each vein is formed in a single cycle of fracturing 
and sealing. The crack-jump mechanism is prevalent in situations where veins are either mechanically 
similar or more resistant to fracturing than the host rock (Holland and Urai, 2010). A single vein 
can exhibit indicators for both the crack-seal and crack-jump mechanism if the mechanical proper-
ties of the veins are heterogeneous along the vein during its growth (Bons et al., 2012). Regions of a 
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fracture with a low aperture (e.g. close to the fracture tips) are faster fully sealed than regions with a 
higher aperture which may only be partly sealed by favorably oriented bridge crystals (Laubach, 2003; 
Ankit et al., 2013; Lander and Laubach, 2014).
Fractures and veins are used in field studies to reconstruct the tectonic evolution of the area and to 
characterize the paleostress field (Hancock, 1985; Holland et al., 2009; Gomez-Rivas et al., 2014; 
Maeder et al., 2014). If preexisting veins influence the fracture behavior of the rock, the orientation 
of the later fractures/veins may not reflect the regional stress field in a simple way and may also lead to 
a misinterpretation of the relative age of intersecting vein sets.
In addition, connectivity of the fractures has a major influence on permeability of fractured rocks (Be-
layneh et al., 2006). Interaction of fracture sets with preexisting vein sets may have an effect on both 
the geometry and connectivity of open fractures and are therefore on hydraulic conductivity.
Despite its relevance, very little work is published on the mechanics of such systems. This is mostly 
due to the difficulty to formulate complex problems in rock mechanics by the means of Linear Elastic 
Fracture Mechanics (Jaeger et al., 2007; Patrício and Mattheij, 2010).
In a previous study (Virgo et al., 2013a) we used 3-D Discrete Element Modeling to investigate how 
a single tabular vein can influence the nucleation and propagation of a fracture. We found that de-
pending on the relative orientation of the vein to fracturing and the relative strength of host rock and 
vein, the models show a variety of fracture behaviors: in weak veins, fractures localize within the vein 
material. This behavior is well described in literature as the crack-seal mechanism (Ramsay, 1980). We 
have shown that fractures can reactivate veins that are highly misoriented to the preferred orientation 
of fracturing. The fractures in this case deflect at the interface reactivating the vein in a mixed mode. 
A similar deflection behavior can occur if the veins are much stronger than the host rock and in a fa-
vorable relative orientation: an impinging fracture may not be able to crosscut the vein and deflects at 
the outside of the interface as a mixed mode fracture. Strong veins that are parallel to the orientation 
of fractures do usually not interact with the fractures at all. New fractures preferentially form in the 
adjacent host rock (Caputo and Hancock, 1999).
Further structural styles of vein-fracture interaction in the models are dynamic bifurcation and fracture 
step over. The fracture step over mechanism (Helgeson and Aydin, 1991; Cooke and Underwood, 
2001) refers to a fracture that arrests propagation at an interface in favor of a fracture that nucleates at 
a location on the opposite side to accommodate the strain. Dynamic bifurcation (Bieniawski, 1968; 
Bertram and Kalthoff, 2003; Nüchter and Stöckhert, 2008) describes the forking of a fracture 
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into multiple, simultaneously propagating fracture tips caused by acceleration of the fracture tip to 
a critical speed. In the models, it can occur where the fracture tip transits from a strong into a weak 
material, either from a strong host rock into a weak vein or from a strong vein into a weak host rock.
The study provided a first look on the different mechanisms in which fractures and veins can interact 
on the scale of a single vein by using a simplified setup: The model geometry contained a single vein 
with a predefined tabular shape with two straight and parallel interfaces as well as a predefined notch 
to initiate fracturing. The models were fractured under uniaxial tension, the simplest condition to pro-
duce tensile fractures and a reasonable approximation for the conditions under which many fractures 
form in parts of the crust with homogeneously elevated fluid pressure (internal hydrofractures) (see 
Mandl, 2005a; Gudmundsson, 2011b).
In this study we continue exploring the interactions between veins and fractures under more compli-
cated and realistic boundary conditions: we vary the strength contrast of vein and host rock as well 
as the relative orientation of veins and fractures, but this time, we do not define an a priori geometry. 
Instead, we create an evolving crack-seal system in which multiple fractures interact and seal and in 
which the geometry of the veins is determined in previous events of fracturing.
To do so, we deform a brittle layer sandwiched between two ductile layers to produce a first generation 
of fractures. Tension in the brittle layer is induced by compression with a constant stress normal to 
layering and slow uniaxial extension applied by moving sidewalls. This represents common conditions 
in sedimentary basins with layers of varying composition (Hobbs, 1967; Ladeira and Price, 1981; 
Gillespie et al., 2001). This setup produces a set of multiple subparallel fractures that share many 
characteristics with natural fractures in rock. The fractures are then sealed, and the model is fractured 
again in a different extension direction relative to the veins so that new fractures interact with the veins.
The workflow we provide in this study is quite general and can be applied to different geometries and 
boundary conditions.
3.3 methods
The numerical models presented in this study were performed with the Discrete Element Method 
(DEM) (Cundall and Strack, 1979; Donzé, 1994; Abe et al., 2004; Potyondy and Cundall, 
2004). In Discrete Element Modeling the response of a material to stress and strain is calculated by 
representing the material as an accumulation of packed spherical particles in which each particle can 
mechanically interact with its nearest neighbors. The particles can interact with each other in various 
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ways, defining the mechanical behavior of the aggregate (Thornton, 2000; Abe and Mair, 2005; 
Schöpfer et al., 2007; Mair and Abe, 2008; Hardy et al., 2009; Wang and Tonon, 2009; Abe et al., 
2011; Hardy, 2011; Abe and Urai, 2012; Yoon et al., 2012; Schöpfer and Childs, 2013).
Each model presented in this study is the result of iterations of a workflow that consists of three 
modules (Figure 13): (i) deformation simulation to fracture the model, (ii) relaxation that eliminates 
residual energy in the model, and (iii) sealing and rotation in which the fractures are filled with new 
DEM Particles and a new geometry is created.
The most important benefits of this modular approach are the following: first, that simulation series 
can be forked after each stage to systematically investigate the impact of a given parameter and second, 
that it can be applied to different model geometries and boundary conditions.
3.3.1 Deformation simulation
The model chosen for this study is an enlarged version of the 3-D boudinage models of Abe et al. 
(2013). It consists of a brittle layer of bonded DEM material sandwiched between two layers of quasi-
viscous dashpot particles. Each layer has an initial thickness of 10 model units, adding up to a total 
thickness of 30 model units. The horizontal extent of the model is 180 model units by 180 model 
units. Each model contains roughly 1.5 million particles.
The Mohr-Coulomb fracture behavior in the brittle layer is simulated with the brittle-elastic interac-
tion after Wang et al. (2006) and described in detail in Abe et al. (2013). Particles are linked to their 
direct neighbor particles via elastic bonds. These bonds can break if a failure criterion is fulfilled by 
normal, shear, torsional, or bending strain of the bond. After a bond between two particles is broken, 
the particles remain able to exchange forces by free elastic and frictional interaction providing a real-
istic postfailure behavior of the model. The number of bonds between particles of the brittle layer is 
around 3 million.
The quasi-viscous stress-strain behavior of the ductile top and bottom layers is achieved in a first-order 
approximation with the dashpot interaction after Abe and Urai (2012).
The model is deformed by applying a constant normal stress to the top and bottom walls and moving 
the sidewalls apart while the frictionless front and back walls remain fixed. This results in the forma-
tion of multiple subparallel fractures in the brittle layer normal to the direction of extension that grow 
in length and aperture with increasing strain (cf. Abe et al., 2013, Figure 8a). The vertical stress is kept 
constant throughout the simulation at σv = 0.002 model units. Bulk Young’s modulus and Poisson’s 
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Figure 13: Schematic representation of the workflow used to model a crack-seal cycle: (1) a brittle layer of 
bonded particles is deformed between two quasi-viscous layers under vertical compression and uniaxial hori-
zontal extension, (2) the fractured brittle layer (in map view) is extracted and fed into a simulation with high 
damping that minimizes the potential energy and equilibrates the geometry with free boundary conditions, and 
(3) open space in the relaxed geometry is filled up with vein particles and is rotated around a central vertical axis. 
Particles outside the new boundary box are discarded, and the empty corners of the new boundary box are filled 
with new host rock particles. New bonds are created between neighboring particles, and finally, the top and 
bottom dashpot layers are added. The geometry can now be used as the input for the deformation simulation
2. relaxation 
3. rotation + sealing 
1. deformation simulation
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ratio of the brittle layer are 1.0 model units and 0.3. Each model runs for 50,000 time steps. The hori-
zontal strain of the model is about 14% in the final state.
The mechanical contrast between vein and host rock is achieved by variation of the cohesion parameter 
of the respective bonds. The term “strength” refers in context of the models always to the cohesion 
of the bonded interaction between neighboring particles and not to the ultimate breaking strength 
of the bulk material. These two, however, scale linearly for sufficiently large particle packings (Virgo 
et al., 2013a). The three classes of particles that can exist in the brittle layers (host rock particles, new 
vein particles from the last sealing, and old vein particles from older sealing events) give a total of six 
possible bond types. A different cohesion can be assigned to each of these bond types. In each of our 
simulations, only a maximum of two different bond cohesions is used, one assigned to the bonds in 
between host rock particles (“host rock strength”) and the other (“vein strength”) assigned to all other 
bonds that involve at least one vein particle.
3.3.2 Relaxation stage
Before the deformed model can be rotated and filled with new particles, it first is unloaded and allowed 
to equilibrate. We chose for a stand-alone relaxation stage: this is computationally cheaper because the 
viscous layers are removed before the relaxation. It also has the advantage that it can be performed at 
any time step in the deformation simulation to produce the input for the next step in the workflow.
The relaxation stage consists of a simulation with free boundaries and indestructible bonds that allow 
the remaining potential energy to decay. The energy is dissipated by a velocity-dependent internal 
damping. Viscous particles are removed so that only particles belonging to the brittle layer are im-
ported into the relaxation stage. The velocity of each particle in the relaxation simulation is initially set 
to zero. Relaxation is complete after the kinetic energy in the system has effectively vanished and thus 
the potential energy is constant.
3.3.3 Sealing and geometry creation
In the last step of the workflow, the fractures within the equilibrated particle model are filled with new 
vein particles, and a new geometry file is created that can be fed into the deformation simulation again.
Before the fractures are filled, the model can be rotated by any desired amount around an arbitrary 
axis. An insertion-based packing algorithm (Place and Mora, 2001) is used to fill the fractures with 
new particles. The quality of the particle packing is kept constant by setting the number of attempts to 
insert a particle at a random location to n = 100,000. (A larger number results in a more homogeneous 
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packing but also leads to an increased computational cost.) After the packer has filled the open frac-
tures, a second instance of the packing algorithm is called to fill up the remaining volume of the brittle 
layer with new host rock particles. In the next step particles that have been rotated to the outside of 
the models, bonds are deleted, and new volumes of viscous dashpot particles are created. Finally, new 
bonds are created between the new particles as well as between old and new particles and tagged ac-
cording to their type (host rock bond, vein bond, or interface bond). For all models, bonds are created 
between all particles that are less than a defined threshold distance apart from each other. An option 
to keep broken bonds as damage for the following simulation exists in the software. It was not used 
in this study.
At this point the model geometry can be fed as an input into the deformation simulation again to 
begin a new iteration of fracturing and sealing.
3.3.4 Parameter study
The first deformation simulation creates a fracture set in a homogeneous host rock. The outcome 
of this simulation provides the basis for all second stage simulations. New geometries with sealed 
fractures are created from it for misorientation angles between 0° and 90° in 10° steps. Second stage 
fracturing simulations are run for all misorientation angles with strength ratios of host rock: vein 2:1, 
1.5:1, 1:2, 1:4, and 1:10.
We explore the transition from stronger to weaker veins in a series of simulations with a constant mis-
orientation angle of 40°. The relative strength contrast is varied in 10% steps ranging from a host rock: 
vein strength ratio of 1.5:1 to 1:1.5.
A third iteration of fracturing and sealing is conducted for all strength ratios at 0° misorientation (the 
direction of fractures is parallel to the direction of existing veins).
The outcome of the third generation of fracture and sealing at 0° and a strength ratio of 2:1 (host rock: 
vein) is used for two additional simulations with 40° misorientation. One model is created according 
to the standard workflow, which means that all vein particles of former generations are inherited to the 
new model. For the second model we delete all vein particles from earlier generations before calling 
the packing algorithm so that the packer fills up the combined volume of three successive crack-seal 
events in a single instance. Both of the simulations are run at a strength ratio of 1:2 (host rock: vein).
The goal of these two additional simulations is first to assess the mechanical impact of the different 
particle packing properties that the packing algorithm produces for different fracture apertures and 
second how the vein aperture influences the fracture behavior of the models.
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3.3.5 Post processing
All visualization and postprocessing of the models was performed using the visualization toolkit VTK 
(www.vtk.org) and ParaView (www.paraview.org). The rose plots were calculated based on the algo-
rithm presented by Abe et al. (2013) using a grid spacing of five model units.
3.4 results
3.4.1 Initial fracture simulation
The first deformation stage (Figure 14) produces a subparallel set of extension fractures, which cor-
responds to Figure 8a of Abe et al. (2013). Distributed damage appears in the host rock after 10,000 
time steps. The amount of distributed damage is higher at the interfaces between the viscous and 
brittle material (the damage at the top and bottom of the brittle layer is removed in all visualizations 
of broken bonds for better visibility of the fractures inside the brittle volume). The first macroscopic 
fractures start to grow after 11,250 time steps and begin to interact and coalesce to larger fractures. 
These fractures already cover the whole thickness of the brittle layer at this stage. After 50,000 time 
steps, the extension in the brittle layer amounts to 3.3%, and the largest continuous fracture has a 
length of 177 model units (98% of the horizontal dimension of the model) and a maximum aperture 
of approximately four model units. Where the fracture tips overlap in the extension direction, they 
commonly can be found curving into relays (as expected) (Olson and Pollard, 1989).
Figure 14: Result of the first deformation stage. A subparallel set of extension fractures has formed in the brit-
tle layer by distributed nucleation, coalescence, and growth. The fractures partially interact with each other in 
relays or connect via abutting. (a) map view of the brittle layer after the deformation. (b) visualization of the 
model with transparent host rock. Broken bonds are depicted as blue disks. Bonds under high tensile strain 
are highlighted in red. The zones of high damage at the top and bottom interface to the dashpot material are 
cropped for better visibility. (c) normalized roseplot of fracture orientations in the pure host rock model.
A B C
host rock particle broken host rock bond
strained bond (tensile)
a b c
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3.4.2 Relaxation
Due to the preexisting stress, in the relaxation stage, the majority of elastic energy stored in the model 
unloads into (vertical) particle movement. The potential energy stored elastically in the bonds equili-
brates with the new geometry of the fractured model, so it does not drop completely to zero (Figure 
15a). Open fractures keep their aperture and do not close significantly during the relaxation (Figure 
15b).
3.4.3 Rotation and geometry creation
The limited aperture of open fractures reduces the probability of the insertion-based packing algorithm 
to successfully fit large particles. This results in a particle size distribution in the veins, which is shifted 
toward smaller particle sizes. Places where the aperture of the fracture is less than the minimal particle 
size, mostly in the tips of the fracture, are not filled and remain zones of weakness. This is because they 
are not filled with new particles, and the distance between particles of opposite walls of the fracture is 
too large to allow the creation of new bonds.
Another zone of weakness that remains in rotated models are the former outside walls: here less bonds 
can be created because of the edge effect.
Isolated vein particles are also inserted in the host rock in larger undeformed pores and where distrib-
uted damage has locally enhanced porosity.
Bonds in the wall rock which remain stretched concentrate around the former fracture tips while 
bonds close to the sides of the vein walls and in an orientation parallel to the vein wall are under com-
pression. Bonds between newly created particles are always unstressed before the deformation begins, 
so the veins are obviously unstressed at this stage (Figure 16).
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Figure 15: (a) plot of the cumulative potential (green) and kinetic (red) energy in the model during the relaxa-
tion stage. A large part of the potential energy is converted to kinetic energy in the first time step. A velocity-de-
pendent damping dissipates the kinetic energy until it is vanished and the potential energy has reached a steady 
state. (b) wireframe visualization of the model colored according to magnitude of effective displacement during 
the relaxation stage. The highest displacement is found for small fragments of the host rock in the fractures. The 
largest part of the total displacement in the model is parallel to the vertical axis (parallel to direction of view).
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Figure 16: Qualitative overview of the stress field in the model after relaxation and sealing. Bonds under com-
pression are colored blue, and bonds under tension are red. Bonds under tension can be found concentrated 
ahead of the vein tips. Bonds under compression are found in the host rock along the vein rims. They are orient-
ed mostly horizontal and parallel to the vein. Bonds between newly created vein particles are always strain free.
tension compression
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3.4.4 Second-generation fractures: Parallel
We first present the results where the second extension direction is parallel to the first. The results fall 
in two classes:
1. If the vein is weaker than the host rock the new fractures will always form inside the veins (Fig-
ure 17a). The existing veins reactivate completely until at a late stage the fractures resume propagation 
at the vein tips into the host rock. A strength ratio of 1.5:1 between host rock and veins produces a 
fracture network that is nearly identical to those produced by even weaker veins.
2. If the preexisting veins are twice as strong as the host rock, the fractures nucleate in the host 
rock. In several places, the fractures reactivate the zones of weakness close to the vein tips. The fractures 
resume propagation in the host rock normal to the extension direction, which is in this case subparal-
lel to the existing veins. In several locations, the fractures snap to the outside of existing veins without 
penetrating through the veins. Crosscutting and fracture step overs occur in several places, most often 
when fractures at opposite sides of a vein start to curve into relays (Figure 17b).
Figure 17: Comparison of the unrotated models after three iterations of fracturing and sealing. Host rock parti-
cles are grey. Vein particles are colored according to their generation in blue, green, or red. (a) if the vein bonds 
are half as strong as the host rock bonds, the fractures always reactivate existing veins. The veins grow in length 
and thickness with each iteration of fracturing and sealing, creating an ataxial crack-seal vein pattern. (b) veins 
twice as strong as the host rock do not reactivate. New fractures rather form in the adjacent host rock parallel to 
existing veins. Crosscutting and external deflection can be observed in several locations.
host rock particle
1st generation vein particle
2nd generation vein particle
3rd generation vein particle
a b
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A higher strength ratio (up to a vein strength 10 times the host rock strength) leads to less crosscutting 
of veins, more external deflection, and unbreached fracture step overs. This results in a lower connec-
tivity of the final fracture system but does not have a significant effect on its geometry.
3.4.5 Second-generation fractures: Rotated
Weak veins
A change in the relative extension direction after the first generation of veins has a significant effect 
on the second generation of fractures if the veins are weaker than the host rock. The magnitude of the 
strength ratio does not have a big influence: The outcome of the simulations with strength ratios of 
2:1 and 1,5:1 vary only in details.
Just as in the corresponding model with 0° misorientation, the fractures first reactivate existing veins, 
even if the misorientation of the vein toward the preferential fracture orientation is high. Up to a mis-
orientation angle of 40°, a full reactivation of the veins occurs (every vein is reactivated by a connected 
fracture over the whole length of the vein in the final state of the simulation). At higher misorientation 
angles the veins reactivate only partially, and reactivated sections do not always connect along the veins 
before the end of the simulation.The reactivation usually begins by nucleation of fractures in numer-
ous locations within the vein, preferentially in sections that are most compatible with the preferred 
orientation of fracturing (Figure 18). The fractures grow along the interface of the veins (internal de-
flection) and eventually link up with other fractures or propagate over the vein tip into the host rock.
The second type of fractures that form in all models in this series are antithetic fractures in the host 
rock that connect reactivated segments of veins. These secondary fractures usually start to grow before 
the reactivation of the veins is complete; only in the models with 10° rotation the two types of fractures 
are strictly consecutive. The secondary fractures can directly emerge from the primary fractures if these 
stop snapping to the vein and resume propagation in the host rock. Alternatively, they can nucleate at 
the vein interface, preferentially at the vein tips and convex irregularities in reactivated sections of the 
veins from where they grow outward into the host rock until they interconnect with another (reacti-
vated) vein segment. A distributed nucleation of fractures similar to the initial fracture nucleation in 
the homogeneous baseline model occurs in the vein-free host rock in the models with a misorientation 
angle higher than 70° at the same time as the secondary fractures nucleate at the veins (Figure 19).
For misorientation angles higher than 70°, the host rock fractures are mostly normal to the extension 
direction of the model. For lower angles, however, starting already at 10° misorientation, the fractures 
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form as mixed mode extension fractures with a dextral shear component and are not parallel to the 
preferential fracture orientation of a homogeneous model. The angle that the antithetic fractures form 
with the reactivated veins at the intersections are well below 90° in the models with low misorientation 
angle and approximate a normal abutting with growing misorientation angle of the veins.
Figure 18: State of the second-generation model with 30° of rotation and a vein bonds 50% weaker than host 
rock bonds at three time steps during the deformation. The upper half of the roseplot shows the normalized 
orientation of all fractures in the model at the given time step while the lower half only takes fractures into ac-
count that have formed within the last 2500 time steps. The visualized models indicate veins with grey particles. 
The host rock is transparent. Broken bonds are depicted as colored disks. Broken vein bonds are red, broken 
interface bonds green, and broken host rock bonds blue. Bonds that are currently under high tensile strain are 
highlighted in red to indicate the state of the stress field. t = 17500: fractures have reactivated most of the veins. 
At some vein tips the fracture has already left the vein and resumes propagation in the host rock. t = 30,000: the 
veins are fully reactivated. The first hybrid fractures have started propagation into the host rock at a high angle 
to the reactivated veins. t = 50,000: the reactivated veins are fully connected by antithetic fractures. Fractures 
that have formed normal to the extension direction in the distal host rock have started to curve toward the free 
surface of reactivated veins.
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Figure 19: Comparison of models with 
weaker veins ((left) 50% and (right) 
33.3% weaker than the host rock) for 
different misorientation angles (see Fig-
ure 18 for details regarding the visualiza-
tion). With rising misorientation angle, 
the relative amount of host rock fractures 
rises while the total length of reactivated 
veins declines. Antithetic host rock frac-
tures occur already at 10° of misorien-
tation at a high angle to the reactivated 
veins. The intersection angle between 
antithetic fractures and reactivated veins 
is well below 90° for low misorientation 
angles and rises toward normal abutting 
at high misorientation angles. Fractures 
that form in the distal host rock curve to-
ward reactivated models. The difference 
in the results between the 2:1 and 1.5:1 
strength ratio is only marginal.
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Secondary fractures that grow into the regions of the model that do not contain any veins are normal 
to the extension direction at first but curve into an orientation parallel to the antithetic connection 
fractures when approaching the reactivated veins. Secondary fractures growing from the veins outward 
into vein-free host rock follow a parallel trajectory.
All models with a rotated set of preexisting veins weaker than the host rock form two different types 
of fractures in response to a second deformation phase: the first one are fractures that reactivate exist-
ing veins, and the second type of fractures are fractures inside the host rock between reactivated vein 
segments. These sets always form a high angle to each other what enhances the lateral connectivity of 
the fracture network. For misorientation angles between 10° and 50°, none of the two sets is normal 
to the bulk extension direction of the model.
Strong veins
The effect of strong veins on the fracture pattern is, in general, much less pronounced than the effect 
of weak veins. The overall fracture behavior of the material is basically the same for all misorientation 
angles of the veins and all strength ratios with veins stronger than the host rock (Figure 20).
Fracturing starts in all of the models by distributed nucleation of fractures in the host rock between 
the veins. Preferential sites for nucleation are the prestressed fracture tips. The fracture segments grow 
by tip propagation and fracture connection. Three different types of interactions can be regularly ob-
served where a fracture tip meets a vein: crosscutting, fracture step over, and deflection.
Crosscutting is most common at low strength contrast and high misorientation. The fracture tip re-
sumes propagation through the vein into the opposite host rock.
Fracture step over is by far the most abundant interaction type for all misorientations and strength 
ratios with veins stronger than the host rock: the fracture tip stops propagating upon reaching the 
vein interface. Instead of breaking through the vein immediately, either a new fracture forms in the 
host rock at the opposite side of the vein or the strain is transferred to an existing fracture close to the 
fracture tip. These fractures usually connect over the vein shortly after, given that the strength contrast 
is not too high.
The deflection mechanism is most common at high strength contrasts between host rock and vein as 
well as low misorientation between the direction of fracture propagation and the local orientation of 
the vein. Upon deflection, the fracture changes its propagation direction and follows the orientation of 
the vein inside the adjacent host rock. The deflection ends either when vein tip is reached or the strain 
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Figure 20: Comparison of models with 
strong veins for different misorienta-
tion angles. Fractures nucleate in the 
host rock in between the veins normal 
to the extension direction and grow by 
tip propagation and coalescence. Where 
a fracture tip meets a vein at low mis-
orientation direction, it can deflect at 
the outside of the vein. For intermedi-
ate and high vein misorientation, the 
fractures either crosscut the veins or 
overcome them by fracture step over. 
A higher contrast in strength between 
vein and host rock does not change the 
evolving fracture pattern significantly.
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is transferred to another fracture on the opposite side of the vein, analog to fracture step over.
Apart from the short segments where a fracture deflects along the vein interface, the orientation of the 
fractures does not deviate from what can be expected in a homogeneous rock.
Figure 21: Models to investigate the influence of vein aperture on the packing quality and vein thickness on 
fracture propagation in strong veins. The result of the third-generation crack-seal model was rotated by 40° and 
deformed again with the vein bonds twice as strong as the host rock bonds. (a) the combined effect of packing 
heterogeneity. Increased host rock strength and unbonded zones in the veins causes the model to behave com-
parable to a model with weaker vein bonds than host rock bonds. (b) if all vein particles are removed and the 
vein is filled in a single instance, the veins behave much stronger and do not reactivate. An increased occurrence 
of external deflection could not be observed in comparison to the same model with thinner veins.
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3.4.6 Transitional behavior
The simulation series to explore the transition from weaker veins to stronger veins did not yield results 
fundamentally different from what was observed in the previous models of this misorientation angle: 
strong veins force fractures to nucleate in the host rock and interconnect over the veins, while veins 
weaker than the host rock reactivate first and then interconnect in mixed mode host rock fractures. It 
can, however, be observed that the transition between these two regimes is gradual and does not coin-
cide exactly with the neutral strength ratio of host rock and vein/interface bonds.
The amount of vein reactivation is much less in the model with neutral strength ratios than it is in the 
model with weaker vein bonds. Reactivation of veins, especially of interface bonds in the region of 
vein tips, however, remains to influence the fracture behavior up to a strength ratio of 1:1.4 by locally 
forcing the fractures to form in a reactivation and connection style, even when the bulk strength of the 
veins is higher than the host rock strength.
It can be observed that the orientation of antithetic fractures that form at a given locality of the 40° 
misoriented models is insensitive to changes in the strength contrast.
3.4.7 Vein aperture and packing
Two additional simulations were conducted with a 40° rotated output of the third-generation crack-
seal vein system presented earlier (see Figure 17a). The first one was rotated and sealed according to 
the standard workflow, which means that all vein particles of former generations are inherited to the 
new model (Figure 21a).
For the second model, we deleted all vein particles from earlier generations before calling the packing 
algorithm so that the packer fills up the combined volume of three successive crack-seal events in a 
single instance (Figure 21b).
Both models were rotated to a vein misorientation of 40° and run with the vein bonds twice as strong 
as the host rock bonds.
The first fractures that form in both models are along the former outer walls of the brittle layer (Figure 
21). This phenomenon did exclusively occur in these two simulation and results partly from the lower 
quality packing along these contacts and partly from the different composition of the host rock on 
both sides: Within the corners, the host rock is created by a single instance of the packer and exclu-
sively contains host rock particles. In the rest of the volume, the host rock has been deformed and filled 
up 3 times already and therefore contains numerous vein particles that were created in between host 
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rock grains. Because these vein particles connect to the surrounding host rock particles via interface 
bonds (which are twice as strong as host rock bonds for these models), the bulk strength of the material 
is higher than the freshly created host rock.
Apart from the early reactivation of the former wall, the resulting fracture system in refilled model (B) 
is similar to the result of the equivalent model with thinner veins, only that less of the fractures are 
interconnected across veins by the end of the simulation. The higher vein aperture does not increase 
the deflection length along the vein interfaces.
Model A is in terms of the resulting fracture pattern more similar to a model with weak veins: At nu-
merous places in the vein, predominantly at interfaces between subsequent vein generations, fractures 
reactivate the vein and connect later to fractures in the host rock.
3.5 dIscussIon
3.5.1 Sources of heterogeneity in the models
The complexity and heterogeneity of the models grows with each iteration of fracturing and sealing. 
This is mostly due to the macroscopic veins, which grow in size and number, but those are not the 
only factor that contributes to this effect. In the following, we discuss some of the other sources of 
heterogeneity, their influence on the failure behavior of the model, and how they relate to what can be 
expected in natural examples of evolving crack-seal networks.
Prestrained bonds around veins
The initial host rock model is free of strained bonds at the beginning of the deformation so that the 
full stress field develops in the model by loading. In every successive stage of fracturing, the stress field 
inside the brittle layer is heterogeneous due to the remaining elastic strain of the bonds around veins. 
Depending on how the prestrained bonds are oriented relative to the current extension direction, they 
can both inhibit and promote fracturing and also influence the local fracture orientation.
This residual stress field, as shown by the strained bonds around the fractures after relaxation, reflects 
the part of the stress field around fractures which could not close due to inelastic strain heterogeneities 
(“eigenstress”) (Mura, 1987).
The eigenstress state of the sealed models is in good qualitative agreement with the in situ state of 
stress expected in a rock with veins (Sekine and Hayashi, 2009): tensile stresses remain at the former 
fracture tips, and compressive stress persists in the host rock parallel to the vein walls while the vein 
cement crystalizes stress free into the open space.
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In natural rocks these residual stresses can dissipate slowly due to creep processes. In our models, they 
do not which is a limitation of the model approach.
The unloading of the vertical stress (and gradual reloading) is necessary in our workflow to maintain 
static conditions in the beginning of the next deformation stage. It deviates from the natural example 
where the vertical stress can be assumed to remain static between stages of horizontal extension. Since 
the unloading and loading of the brittle layer is purely elastic, it is not expected to lead to significant 
artifacts in our models.
Particle size distribution of the vein material
The particle size distribution that the packer produces for the initial host rock model follows a power 
law distribution between the minimum and maximum permitted particle sizes rmin = 0.2 and rmax = 1.0 
(Place and Mora, 2001). In the limited space of the fractures, the packing algorithm is less successful 
in inserting large particles. The result is a more narrow particle size distribution, shifted toward smaller 
particle sizes. Since the mechanical properties of a bulk material in discrete element modeling does 
not only depend on the properties of the particle-particle interactions but also on the geometry of the 
packing, the difference in porosity and particle size distribution between vein and host rock is expected 
to influence the mechanical behavior (Schöpfer et al., 2009).
In parts of the fracture where the particles of opposite fracture walls have separated less than the mini-
mum allowed particle size r = 0.02, the probability for the packer to successfully insert a vein particle 
into the free space between existing particles is much lower than in the rest of the vein. If the distance 
between the fracture wall particles after the relaxation stage is more than the distance threshold for 
bond creation, these regions of the fracture remain as unbounded zones of weakness in the next defor-
mation stage. This effect commonly occurs close to the tips of the fracture.
This is opposing the situation in some natural examples of sealing where the low aperture fracture tip 
are more likely to be the first to achieve a complete sealing and restore the strength across the opposing 
vein walls (Hilgers, 2000; Nollet et al., 2005).
Distributed sealing in the host rock
A third effect that has an influence on mechanical properties of the model is the distributed creation of 
vein particles in the host rock during each rotation and sealing stage. These isolated vein particles fill 
up pore space in the host rock that has been enlarged during the deformation by elastic deformation or 
distributed damage. The particles connect to their neighboring host rock particles via interface bonds 
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that share their assigned strength with the vein bonds. The effect is firstly that the host rock becomes 
more heterogeneous and secondly that the bulk strength of the host rock is shifted more and more 
toward the bulk strength of the vein material with each iteration of fracturing and sealing.
Whether or not and to what extent this effect occurs in the natural example is highly dependent on 
the present host rock properties, such as pore geometry and bulk permeability and therefore not gen-
eralizable. For certain rock types such as sandstone, examples for secondary cementation are reported 
in literature (Walderhaug, 1994; Lander and Walderhaug, 1999) and can be regarded to have an 
increasing effect on the bulk mechanical strength (Al-Tahini et al., 2006).
3.5.2 Influence on fracture behavior
All of the effects mentioned have a combined influence on the fracture behavior of the models, and 
it is not straightforward to assess the impact of a single effect (packing, strained bonds, and host rock 
cementation) independently.
The impact of the effects is most prominent in the direct comparison of the models presented in chap-
ter 3.4.7 (see also Figure 21). These models have been fractured and sealed already 3 times before the 
simulation. The reactivated former outer boundaries of the brittle layer show that the effect has intensi-
fied with each iteration of fracturing and sealing.
The combined impact of a vein weakened by a poor packing quality and the host rock strengthened 
by distributed sealing causes the fracture behavior of the nonrefilled model to flip: Even though the 
strength ratio of the particle bonds (host rock bonds: vein bonds 1:2) should produce strong veins and 
a weak host rock, the fracture behavior reflects the opposite.
For the second-generation models (models with one fracturing and sealing stage before the simulation) 
the combined impact is much lower. The incremental variation of the strength ratio from weaker vein 
bonds to stronger vein bonds (see chapter 3.4.6) shows that the effect of packing quality, prestrained 
bonds, and host rock cementation is fully compensated with the vein bond strength at a strength ratio 
of host rock: vein 1:1.4.
The fracture behavior of all simulations falls into two classes: the “weak vein” and the “strong vein” 
class. Either the veins behave as weakness zones that reactivate and interconnect via high-angle host 
rock fractures or the veins are resistant to fracturing and the pattern produced is dominated by fracture 
nucleation in the host rock and interconnection by fracture step over.
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Since these two domains have been shown to be very robust, even for high variation in the strength 
contrast, it is not critical for this study to accurately relate the bond strength ratio to a bulk material 
strength ratio in both host rock and vein. However, for future studies that use this simulation method 
for large numbers of crack-seal iterations, this might be necessary.
3.5.3 Comparison of results with literature
Second- and third-generation fractures: Parallel
The patterns produced in the parallel crack-seal models confirm that the relative strength of the vein 
controls whether the crack-seal or crack-jump process are active (Ramsay, 1980; Caputo and Han-
cock, 1999; Holland and Urai, 2010): weak veins localize fracturing inside of the veins and grow in 
length and aperture with every new fracturing and sealing (ataxial crack-seal veins). On the contrary, 
veins stronger than their surrounding host rock do not reactivate. New fractures rather form in the 
adjacent host rock forming closely spaced subparallel microveins. When a fracture tip encounters the 
interface of the preexisting vein, it can either crosscut the vein or get deflected along the interface.
The produced structures are, in general, in agreement with the prediction by Holland and Urai 
(2010). The strong veins, however, show a slightly higher degree of interaction than proposed in the 
conceptual model. The final state of the model after three cycles of crack-seal (see Figure 17b) is more 
an anastomosing network of veins rather than a strictly parallel set. This is the effect of three different 
aspects of the model:
1. The heterogeneity in the particle packing of the veins produces local weaknesses that allow frac-
tures to crosscut the vein or reactivate either the vein or the interface (see chapter 3.5.1: Particle size 
distribution of the vein material).
2. Fractures in the DEM Model exhibit a higher degree of sinuosity and roughness than the straight, 
parallel veins in the conceptual model due to the intrinsic heterogeneity of the models and the structural 
dimension of the particle packing (Hull, 2012). A higher degree of interaction is therefore inevitable.
3. The loading mechanism produces fractures with a characteristic spacing that results from the 
geometry of the setup as well as the ratio of tensile strength of the brittle layer and interface shear 
strength (Schöpfer et al., 2011). Fractures have therefore a tendency to form in the same sequence at 
approximately the same position along the extension direction in each model. This has the effect that 
the subsequent veins and fractures in these models form close to each other and are therefore more likely 
to interact.
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Rotated models
In the weak vein models, a partial or full reactivation of veins occurs before fractures form in the host 
rock. This behavior corresponds with the vein internal nucleation and internal deflection mechanism 
described in Virgo et al. (2013a, 2013b). Fractures that propagate into the host rock after internal 
deflection do this either normal to the bulk extension direction or at an even higher angle, which is 
also in correspondence with the aforementioned study.
The angle of the connecting fractures does depend on the orientation of the existing veins but not on 
the strength ratio between vein and host rock.
Reactivated sections of veins are free surfaces in the model at which an approaching fracture should 
abut at a 90° angle (Mandl, 2005b). Local deviations from this ideal angle are regularly observed in 
our models, especially at low misorientation angles. A premise for a 90° termination is a local negative 
σ2 parallel to the open fracture (Dyer, 1988). This premise is probably not always met, either due to 
the prestrained bonds close to the vein interface or frictional postfailure behavior between vein parti-
cles.
Another possibility is that normal abutting would occur if it was not prevented by the intrinsic granu-
larity of the models and the roughness of the fractures.
The influence of veins stronger than the host rock on the fracture behavior, especially on the orienta-
tion of the fractures is much less pronounced in our models than expected from earlier studies. The 
main interaction mechanisms for veins stronger than the host rock under various misorientation an-
gles described in Virgo et al. (2013a, 2013b) are external deflection and dynamic bifurcation of the 
fracture tip after a phase of arrestment at the vein interface. The fracture step over mechanism occurs 
only for a single combination of strength contrast and misorientation in that parametrical study. In the 
models of the present study, the fracture step over mechanism can be regarded as the main fracture-
vein interaction mechanism for strong veins. Because of the low spacing of fractures that readily nucle-
ate in the models at either side of a misoriented vein, the fracture step over mechanism is very effective 
in releasing stress by transferring the strain to an existing fracture at the other side of the vein. As a 
consequence, the deflection mechanism is suppressed. Deflection at the outside of veins still occur in 
several models, especially at low and intermediate angles in models with very strong veins (1:10), but 
the deflection paths are shorter than expected from the earlier study because open fractures at the op-
posite side of the vein accommodate the strain and suppress further growth along the interface. The 
deflection mechanisms is further inhibited by the sinuosity and roughness of the veins.
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Dynamic bifurcation after arrestment necessitates a buildup of elastic strain that is abruptly released 
when the fracture tip crosscuts the strong vein. This scenario is unlikely for the given boundary condi-
tions, partly because the stress buildup is inhibited by the numerous fractures and partly because the 
damping effect of the pseudoviscous layers of dashpot material does not allow high acceleration of the 
sandwiched brittle layer.
3.5.4 Characteristics of loading and applicability to other boundary conditions
We have chosen a boudinage configuration as the boundary condition for the models in this study 
because it is able to produce multiple parallel extension fractures in a model during a single deforma-
tion simulation. It is a good approximation for a common stress path that produces fractures and veins 
in layered sedimentary rocks with alternating lithology (Ladeira and Price, 1981; Gillespie et al., 
2001). The fracture patterns that are modeled in this study are of course influenced by the geometry 
of the model and parameters like the thickness of the brittle layer or initial strength of the host rock. 
These parameters influence the resulting fracture pattern (e.g. spacing) and therefore also have an effect 
on following generation of fracturing and sealing (Bai and Pollard, 2000).
The styles of fracture-vein interaction in our models are interpreted to correspond to natural proto-
types where the rock does not develop pore pressure gradients. This includes homogeneously elevated 
fluid pressures, an important premise for effective tension and mode I fractures in the crust at depths 
>500 m (Gudmundsson, 2011b). As long as fluid pressure gradients can be neglected, the stress in-
duced in the DEM simulations can be directly related to an effective stress state without needing to 
define a pore pressure.
However, it does not represent intrusive hydrofractures driven by high fluid pressure gradients (Bons 
and van Milligen, 2001; Gudmundsson and Brenner, 2001; Philipp, 2008; Philipp, 2012) or 
systems controlled by slow drainage from blocks between fractures (Özkaya, 1988; Kobchenko et 
al., 2013).
Intrusive hydrofractures follow a different propagation mechanism than internal hydrofractures (Man-
dl, 2005a). Intrusive hydrofractures grow predominantly by tip propagation rather than distributed 
nucleation and coalescence, driven by a high fluid pressure gradient between the inside of the fracture 
and the adjacent host rock (Barnhoorn et al., 2010). This means for the interaction of an intrusive 
hydrofracture with a stronger or weaker vein that the deflection mechanism will be more likely than 
fracture step overs (compare Gudmundsson et al., 2002, 2010; Gudmundsson, 2011a; Barnett 
and Gudmundsson, 2014). The influence of different mechanical properties of veins on hydrofrac-
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tures was investigated by Vass et al. (2014).
Several authors have identified differences in strength (e.g. tensile strength) as the most important pa-
rameter for fracture problems in layered material (Cook et al., 1964; Thiercelin et al., 1987; Gupta 
et al., 1992; Vass et al., 2014). We have therefore chosen to focus in this study exclusively on differ-
ential strength of host rock and vein while keeping the other mechanical parameters of the materials 
constant (e.g. Poisson’s ratio and Young’s modulus). A difference in the elastic properties of veins and 
host rock would make the veins act as elastic inclusions that concentrate and perturb the local stress 
field and induce differential stresses at the interface between the materials due to strain incompatibility 
(Eshelby, 1957; Sendeckyj, 1970). Different stress magnitudes in host rock and veins caused by dif-
ferent elastic moduli can also be expressed in a first approximation as a strength ratio and are therefore 
covered in the parameter space of this study. However, the other mentioned effects of heterogeneous 
elasticity are likely to influence the fracture/vein interaction behavior and their impact on the system 
should be assessed in future studies.
3.5.5 Natural example
We compare the results of the simulation with an example of a calcite vein network in mesozoic car-
bonates from the Jabal Akhdar high-pressure cell in the Oman Mountains. The carbonates of this 
sequence contain many sets of calcite veins at various orientations as a result of a complex tectonic 
history with several phases of brittle deformation under near-lithostatic fluid pressure (Breton et al., 
2004; Hilgers et al., 2006; Al-Wardi and Butler, 2007; Holland et al., 2009; Virgo et al., 2013b; 
Gomez-Rivas et al., 2014).
The outcrop is located in Wadi Dham, close to the village of Barut at the southern slope of Jabal Sar-
rah. The veins are confined to a ~80 cm thick rigid carbonate bed sandwiched between two argillaceous 
beds (Figure 22). Two phases of layer parallel extension are preserved as quartz-carbonate veins: an 
older ENE extension and a younger extension that is rotated ~20° anticlockwise relative to it. The first 
extension formed an equally spaced set of mode I veins. These are reactivated by the second extension 
phase in sinistral mixed mode, as indicated by wall-tracking elongated crystals as well as sinistral en 
echelon terminations at the interfaces to the argillaceous beds. Short veins normal to the younger ex-
tension direction can be found in between the long reactivated veins. In several locations, these veins 
can be found to curve toward the older veins. Most of the veins belonging to the second extension 
phase originate at the reactivated veins of the first extension phase. These are oriented mostly at a high-
er angle to the reactivated veins. All veins in the outcrop show indicators for multiple opening events.
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The vein network is in good agreement with the results of the weak vein models: the first extension 
phase creates a set of long, equally spaced veins. In the nonparallel second phase of extension, these 
veins are reactivated in mixed mode, and connection fractures start to form at a high angle to the 
reactivated veins. Deviant from the models, the connection fractures/veins are in most cases not long 
enough to connect two parallel veins since the strain localizing in each crack-seal event is significantly 
lower in this example than it is in the models.
Figure 22: Example of a crack-seal vein network from the Oman Mountains created by two phases of nonpar-
allel horizontal extension with a rotation of ~20°. The veins are limited to a rigid carbonate bed sandwiched 
between two argillaceous beds. (a) a parallel set of long, equally spaced veins formed during the first extension 
reactivated in sinistral mixed mode. (b) veins from the second phase of extension nucleate mostly close to the 
tips of reactivated veins. (c) short mode I veins normal to the extension direction of the second extension phase 
have formed between the preexisting veins. (d) veins connecting parallel veins of the first phase curve toward the 
preexisting veins. They are not normal to the extension direction of the second phase. The image is a modified 
subset of a rectified high-resolution photograph created by Wüstefeld (2010).
top argillaceous bed
4 mbottom argillaceous bed
A
C
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3.5.6 Implication of the results
The results show that a set of misoriented veins with a high strength contrast to the host rock can have 
a major effect on fracture orientation, continuity, and connectivity. The connection fractures that 
form in all models with misoriented weak veins can be in misorientation with the regional extension 
direction. As a result, veins that originate from these types of fractures can lead to a misinterpretation 
of the stress field orientation when used for paleostress analysis. Even more critical than this is the pos-
sible misinterpretation of the relative age of vein events: crosscutting relationships are widely used to 
determine the relative age of two (or more) intersecting veins. The fundamental rule for crosscutting 
relationships is that the continuous vein is younger than the discontinuous vein because the younger 
vein displaces the older vein. This is true for situations where crosscutting is the only vein interaction 
mechanism that occurs. As soon as deflection and fracture step over mechanisms are active during 
the formation of the vein network, the discontinuous veins can be the younger than the continuous 
vein. It is therefore very important to identify the interaction mechanism of veins before postulating a 
relative age relationship (Philipp, 2008). This can be done, for example, by looking for stacked veins 
or systematic vein curvature that are indicative for the deflection mechanism. A real offset at a vein 
can be distinguished from a pseudo-offset by checking the consistency of the displacement sense and 
magnitude for all intersecting veins.
We have shown that weak veins can have a dramatic impact on the connectivity of the fracture network. 
Even at a misorientation angle as low as 10°, a full lateral connectivity of the fracture network is created 
by antithetic fractures. This leads to dramatically increased permeability not only along the reactivated 
veins but also parallel to the bulk extension direction.
3.6 outlook
The presented modular workflow can be used to model various aspects of crack-seal systems in future 
work, including a detailed investigation on host rock cementation and the effect of residual stress 
around veins. Beyond that, it is interesting to use the workflow to explore crack-seal systems with 
heterogeneous vein strength and partly sealed veins (Laubach et al., 2004), possibly coupled with a 
phase field growth code to model the sealing of the vein and the growth of bridge crystals (Hubert et 
al., 2009; Ankit et al., 2013).
By integrating Smooth Particle Hydrodynamics into the existing simulation framework (Komoróczi 
et al., 2013), it is possible to model the interaction of veins with intrusive hydrofractures in future 
studies.
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The result of this study and follow up studies may be used to establish constitutive rules for the fracture 
behavior of rocks with veins to integrate in reservoir simulations and coupled THMC Models.
3.7 conclusIons
The presented workflow was successfully used to model the evolution of crack-seal vein networks under 
changing deformation directions with the Discrete Element Method. The models cover many aspects 
of fracturing and sealing in natural rocks such as roughness and sinuosity of fractures/veins and eigen-
stress around veins.
Vertical compression and uniaxial horizontal extension of the models produces a set of subparallel 
extension fractures that is in good agreement with fracture systems found in sedimentary rocks with 
alternating strata.
Repeated fracturing and sealing with parallel extension direction reproduces vein patterns that are in 
agreement with the accepted theory of the crack-seal and crack-jump mechanism: depending on what 
is the weaker, either existing veins reactivate and grow in length and aperture or fractures form in the 
host rock between existing veins.
Weak veins that are rotated before the second phase of deformation have a strong influence on the 
fracture behavior: preexisting veins reactivate even if the misorientation is high. New fractures in the 
host rock connect reactivated vein segments. Neither the reactivated veins nor the antithetic fractures 
are normal to the bulk extension direction of the model for intermediate misorientation angles of the 
veins. The orientation of the connection fractures depends on misorientation angle of the veins but not 
on the strength contrast between host rock and veins.
Weak veins in misorientation to fracturing always enhance the lateral connectivity of the fractures in 
our models and lead to increased hydraulic conductivity parallel to the extension direction.
Strong preexisting veins have a less pronounced effect on the fracture behavior. The orientation of 
second-generation fractures is influenced only locally at the veins where external deflection occurs.
Effects like a heterogeneous particle packing and an alteration of the host rock by distributed vein par-
ticles have an influence on the mechanics of the model but do not critically alter the presented results.
A natural example of a vein network from the Oman Mountains that has formed under comparable 
boundary conditions is in good agreement with the results of the simulation series.
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The results show that preexisting veins can strongly influence the orientation, continuity, and con-
nectivity of fractures. This has implications for paleostress analysis based on crack-seal vein networks 
and can be used to make predictions on the fracture behavior of rocks with veins in upscaled models.
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4. dIfferences In frActure-veIn InterActIon styles dePendIng on 
loAdIng condItIons In dIscrete element sImulAtIons
4.1 IntroductIon
In the previous chapters, we presented two DEM simulation series that both helped improve our un-
derstanding of the complex interactions between fractures and veins. Each of the studies was designed 
to provide insights into these very complex processes on a specific scale:
In the first study (Virgo et al., 2013; chapter 2 of this thesis), we used a simple setup to investigate the 
interactions between fractures and veins at the scale of a single vein embedded in a homogeneous host 
rock. Servo controlled diverging sidewalls were used to induce uniaxial tension in the models which 
allowed a mode-I fracture to initiate at a notch, propagate through the model and to interact with the 
vein. Uniaxial loading is the most simple condition to achieve mode-I fractures, which are by far the 
most abundant brittle deformation structure in the earth (Caputo, 2010). The models produced a 
realistic failure behavior for this observation scale. Even though we used 3-D models for this study, it 
was designed for a 2-D approach on the problem.
The second DEM study on fracture-vein interaction aimed to investigate the influence of veins on 
fracturing at the scale of a whole layer and the formation of complex vein patterns, which form in mul-
tiple generations of fracturing and sealing (Virgo et al., 2014; chapter 3 of this thesis). At this larger 
scale, the effect of multiple simultaneously propagating fractures has to be considered and therefore 
a different loading mechanism was chosen that resembles true triaxial boundary conditions in a rock 
with an alternating stratigraphy. The setup consists of a brittle layer, sandwiched between two layers 
of quasi-viscous DEM material. A vertical compressional loading was applied and two moving side-
walls allowed an uniaxial horizontal expansion of the model. The result is a distributed tensile stress, 
induced in the brittle layer, parallel to the extension direction by frictional drag of the deforming 
ductile layers (we will refer to this type of boundary condition as “boudinage loading” or “boudinage 
boundary condition” within this chapter). In contrast to the first study where a single fracture span-
ning the whole model prevents any further accumulation of tensile loading, this setup allows multiple 
subparallel fractures to form in the brittle layer.
In this chapter we will shortly compare the differences between the two loading methods and investi-
gate how the style of fracture-vein interaction changes in regard to the boundary conditions. To achieve 
this, we apply the boudinage boundary conditions of the second DEM study (Virgo et al., 2014; 
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chapter 3 of this thesis) to some of the models from the first DEM study (Virgo et al., 2013; chapter 
2 of this thesis) that were formerly fractured under uniaxial tension, and compare the resulting fracture 
geometries and fracture-vein interaction behaviors. It is not the goal of these simulations to resemble a 
specific natural example, but rather to gain a deeper understanding of the different processes that play 
a role in the two previously described simulation series. The main question is whether the mechanism 
of fracture-vein interaction remain stable at the scale of a single fracture tip interacting with a vein or 
if different processes determine the fracture behavior under the different loading conditions. 
4.2 methods
The simulations are based on the Discrete Element geometries of Virgo et al. (2013). In total, 7 mod-
els of the 65 models from the initial parametric study are re-used to simulate the vein-fracture interac-
tion under boudinage loading for comparison. 
Each model consists of a 10 model unit thick plate of bonded particles with a 100 x 100 model unit 
horizontal extension. The volumes contain a 10 model unit thick tabular vein with a variable horizon-
tal orientation relative to the extension direction. To adapt the geometry to the boudinage boundary 
conditions, a 10 model unit thick volume of particles is added above and below the bonded layer 
respectively to act as the ductile material in the simulation. During the deformation simulation a 
constant normal stress is applied to the model in vertical direction by force controlled walls. Displace-
ment controlled walls that move apart at a constant rate allow the model to expand in one horizontal 
direction while the other horizontal direction is confined by fixed, frictionless sidewalls (see chapter 3 
of this thesis for details).
The deformation simulation is altered only in minor details to match the particle and bond tag con-
vention of the geometry. The parameters of the various particle-particle interactions, including the 
cohesion of host rock particles, are identical in all three studies. 
The applied vertical stress in the simulation is equal to the compression used in the study described in 
chapter 3. The velocity of the moving sidewalls varies between this and the original simulation series 
since it is designed to allow for a fixed horizontal strain in a given time. Since the horizontal extent of 
the models is now smaller (100 model units instead of 180 model units), the absolute velocity of the 
walls is lower while the strain rate is the same. Tests have shown that slower deformation does not alter 
the fracture behavior of the brittle layer significantly. The final total strain in the boudinaged models 
is much higher than in the uniaxial extension simulations, which were stopped soon after the failure 
of the material.
85
Chapter 4  Results 
4.3 results 
4.3.1 Comparison with larger models
In comparison to the larger models used in the former study on crack-seal networks, the smaller mod-
els of the current study develop significantly less fractures. Figure 23 shows a comparison between the 
first iteration of fracturing of the study by Virgo et al. (2014) (chapter 3 of this thesis) and the baseline 
model of the current study. Both models consist of the same homogeneous brittle material and do not 
contain any veins. 
Fractures in the homogeneous baseline model (Figure 23b) first nucleate at the notch and propagate 
into the brittle layer. Before they reach the opposite side of the model, new fractures nucleate at several 
locations in the host rock and the fractures begin to interact with each other. The lower number of 
fractures is a result of the smaller model size: The obvious reason is that because the model is smaller, 
it therefore also contains less fractures. However, scaling the number of fractures with the model size 
shows that the smaller model produces less fractures than expected. The reason for that is specific for 
the boundary conditions: The amount of tensile loading in a given point of the brittle layer depends 
on the flow field of the ductile layers above and below as well as the volume of intact host rock left 
and right of this point, respectively the area of the brittle/ductile material interface on which the ten-
sile loading can be induced via frictional coupling. This leads to the effect that each model develops 
a roughly 30 model unit wide zone at each side in the direction of extension in which no fractures 
develop. The width of this zone depends on the thickness and strength of the brittle layer as well as the 
friction coefficient of the brittle/ductile interface, but not on the lateral extent of the model (compare 
Schöpfer et al., 2011). 
The notch, which is present in the models of this study, also has an effect on the development of the 
fracture pattern. Fractures nucleate at the notch before they develop in the distal host rock. The frac-
tures that propagate away from the notch very early, inhibit fractures to nucleate in the proximal host 
rock. 
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Figure 23: comparison between 2 differently sized models deformed under boudinage loading conditions (map 
view on the brittle layer, note the different scales). (a) fist fracture generations from Virgo et al. (2014). Mul-
tiple subparralel fractures with high sinuosity form in the center of the brittle layer. (b) in the smaller model 
fewer fractures develope but with comparable aperture and length. The notch on the lower end of the model 
does influence fracture nucleation. The material properties of both models are identical and homogeneous. The 
vein visible in (b) has the same mechanical parameters as the host rock and is therefore mechanically invisible.
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4.3.2 Comparison with uniaxial tension
Veins softer than the host rock
The model with the vein material half as strong as the host rock and with the vein parallel to the exten-
sion direction (model no. 1 in chapter 2 of this thesis) fails in uniaxial tension by nucleating a fracture 
in the softer vein material that propagates upwards and downwards in the model (Figure 24a).Under 
boudinage boundary conditions, the same fracture behavior can be observed but with multiple sub-
parallel fractures (Figure 24b). In contrast to uniaxial tension, the fractures show a higher degree of 
sinuosity and surface roughness, which is an effect of the more heterogeneous stress field in the brittle 
layer caused by the distributed microfracturing and fracture nucleation during deformation (compare 
Abe et al., 2013; Barnhoorn et al., 2010). Fractures can also be observed closer to the left and right 
end of the brittle layer, which is a result of the lower cohesion of the vein that enables fractures to 
nucleate at a lower tensional stress. 
At decreasing misorientation angle of the soft vein, internal deflection of the fractures becomes increas-
ingly important. The uniaxial extension models and the boudinaged models are in good agreement in 
this respect (Figure 25). In uniaxial tension, the nucleating fractures line up as en echelon fractures 
along the vein that do not overlap before they interconnect at the vein-host rock interface. Under bou-
dinage loading, the fractures in the vein are more closely spaced and can significantly overlap. Fractures 
crossing the interface from the vein into the host rock, which can only be occasionally observed under 
uniaxial tension, are also much more abundant in the boudinage deformation conditions. Here they 
can often be found curving against the vein interface. All this is an effect of the way tensional loading 
is applied to the brittle layer in the two different simulations: Under uniaxial tension, a single continu-
ous fracture, which spans the entire brittle layer, releases all tension in the model because the stress is 
only applied from the left and right walls and requires a bonded connection between these walls to be 
sustained. In the boudinage loading, the tension is applied across the entire top and bottom interface 
of the bonded layer. Therefore, a single fracture is never able to release the entire tensional stress in the 
volume and multiple parallel fractures are able to form. 
At slightly higher strength of the vein and identical misorientation angle (40°) (Figure 26), the interac-
tion behavior between fracture and vein has switched from nucleation in the vein and internal deflec-
tion to nucleation at the notch and dynamic bifurcation in the uniaxial tension simulation (model no. 
29 in chapter 2 of this thesis). Also in the corresponding boudinage simulation, the first fracture that 
starts to propagate is initialized at the notch. However, before this fracture reaches the vein, new frac-
tures already have formed inside the vein and in the opposite host rock. These fractures connect with 
the approaching fracture and do not allow an acceleration and dynamic bifurcation of the fracture tip.
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Figure 24: Comparison of a model fractured in uniaxial tension (a) and under boudinage boundary conditions 
(b). The host rock cohesion is twice the vein cohesion and the vein is parallel to the extension direction. In 
both model fracture nucleate first in the vein and propagate upwards and downwards into the host rock. in the 
boudinage model (b) more than one fracture penetrate through the model in the final state. The fractures nucle-
ate much closer to the left and right side compared to the other boudinaged models what is a result of the low 
vein cohesion. For this and all following figures: fractured bonds in the uniaxial tension models are depicted as 
colored glyphs (see chapter 1 for details) to make the fracture paths visible at the relatively low strains of these 
models. Boudinaged models are all visualized as particles. Dark grey particles belong to the host rock material 
and light grey particles to the vein.
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Figure 25: Comparison of a model fractured in uniaxial tension (a) and under boudinage boundary conditions 
(b). The host rock is twice as strong as the vein and the misorientation angle is 40°. fractures in both models 
nucleate in the vein as en echlons and get deflected along the vein -host rock interface. Under boudinage loading 
(b) initial fractures show a lower spacing and can significantly overlap. Also more fractures leave the vein and 
propagate into the host rock at an high angle.
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Figure 26: At a lower misorientation angle (30°), the fracture - vein interaction starts to differ between the two 
loading conditions. In both models the fractures initiate at the notch. (a) under uniaxial tension the fracture 
accelerates in the weak vein and bifurcates dynamically. Under boudinage loading (b) the fractures interconnect 
over the vein via the fracture step-over mechanism. 
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Veins harder than the host rock
External deflection of fractures at the vein–host rock interface is the most common interaction mecha-
nism observed for hard veins under uniaxial tension, especially for low misorientation angles of the 
veins below 40°. It is also the main interaction mechanism for these models under boudinage loading 
conditions. 
Figure 27 shows an example at a host rock to vein strength ratio of 1:2 and a misorientation angle 
of 30° (model no. 45 in chapter 2 of this thesis). The boudinaged model shows the same interaction 
behavior as the uniaxially extended model. The only difference is that in the boudinaged model frac-
tures from the lower edge as well as the upper edge of the model get deflected along the vein–host rock 
interface. The vein material in this model is not crosscut by any fracture. 
There are differences in the observed fracture-vein interaction between models with uniaxial loading 
and models with boudinage loading at a slightly higher vein misorientation angle (40°) (Figure 28). In 
the uniaxially deformed model (model no. 36 in chapter 2 of this thesis), the fracture shows an external 
deflection along the vein before cutting across the vein into the opposite host rock. In the boudinaged 
counterpart, external deflection is absent. Instead, fractures crosscut the vein by interconnecting to 
already existing fractures in the opposite host rock without snapping to the vein–host rock interface. 
This fracture behavior can also be observed for two different misorientation and strength configura-
tions in the uniaxial tension simulations and is termed “fracture step-over” in reference to Helgeson 
and Aydin (1991) and Cooke and Underwood (2001). 
At high misorientation angle, strong veins facilitate an arrestment of the propagating fracture in the 
uniaxial tension simulations. After a short phase of stress buildup, the fracture tip continues propaga-
tion across the vein and a dynamic bifurcation of the fracture tip occurs at reentry in the weaker host 
rock. This behavior could not be observed under boudinage loading conditions (Figure 29). The frac-
tures cut across the vein by regular crosscutting and fracture step over without a significant acceleration 
that could cause the fracture tip to bifurcate. Although the final fracture configuration in the model 
exhibits a forking of the fracture path at the vein–host rock interface may suggest dynamic bifurcation, 
this is rather the result of multiple interconnecting fracture segments. 
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Figure 27: Comparison of a model fractured in uniaxial tension (a) and under boudinage boundary conditions 
(b). The vein cohesion is twice the host rock cohesion and the vein misorientation amounts to 30°. Under both 
boundary conditions fractures are not able to penetrate through the strong vein and get deflected along the 
vein - host rock interface (external deflection). (a) in uniaxial tension a single fracture forms at he notch and the 
external deflection at the vein is limited to one side of the vein. (b) under boudinage loading, fractures nucleate 
at the notch as well as in the host rock above the vein and deflect at the vein from both sides. 
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Figure 28: The behavior of the model differs at a slightly higher misoreintation of the vein (40°). The strength 
of the vein is still twice the host rock strength. (a) under uniaxial the fracture interacts with the vein initially by 
external deflection. Eventually the fracture stops snapping to the vein interface and propagates upwards across 
the vein into the host rock. (b) no external deflection occurs under boudinage deformation. instead fracture in 
both compartments of host rock interconnect over the vein by the fracture step-over mechanism.
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Figure 29: A vein twice as strong as the host rock normal to the direction of fracturing leads to arrestment at he 
vein interface and dynamic bifurcation of the fracture tip upon reentry of the host rock under uniaxial tension 
(a). (b) boudinage loading produces a very similar looking fracture pattern. However, a acceleration of crack 
tips to crirtical speeds can not be observed. The geometry of the fracture pattern results from interconnection of 
multiple simultaneously growing fracture segments.
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4.4 dIscussIon
The boundary conditions of the model in combination with the used model geometry have only lim-
ited transferability to natural systems. 
Under boudinage loading conditions, the thickness of the brittle layer has (amongst other factors) a 
direct influence on the fracture behavior and the spacing of fractures (Ladeira and Price, 1981). It is 
therefore important to scale all other elements of the model geometry to a realistic size relative to the 
bed thickness. In the initial study under uniaxial tension, the thickness of the layer is not critical. The 
model was designed to resemble only a thin slice from a much thicker bed that contains a vein. In this 
case, the uniaxial loading is a good approximation for the stress state inside this layer which leads to 
tensile fracturing, regardless if it was applied by strain in the adjacent bed, a horizontal bulk extension 
or an elevated internal fluid pressure that exceeds the lowest principal stress. A thicker brittle volume is 
not expected to result in a fundamentally different fracture behavior for the uniaxial extension simula-
tion.
Under boudinage conditions, the thickness of the brittle bed determines the scaling and a bedding 
confined vein that shows a comparable aperture to the layer hosting the vein is an unrealistic scenario. 
Such apertures might be realistic for dykes or veins that cut across multiple layers, but in this case the 
structure would also extend into the viscous layers above and below which would definitely alter the 
deformation in these layers and therefore also the induced stress field in the brittle layer. 
However, even if the presented simulation series lacks a direct applicability, it helped us to better un-
derstand how fracture-fracture interaction and fracture–vein interactions influence each other.
The model shown in Figure 6 exhibits a partial external deflection of the fracture at the vein in uniaxial 
tension. In boudinage deformation, no deflection does occur but instead different fractures on both 
sides of the vein interconnect over the vein via the fracture step over mechanism. This interaction style 
was also dominantly observed for the according misorientation and strength ratio in the previous study 
under boudinage conditions (Virgo et al., 2014). External deflection and fracture step over can be 
regarded as competing mechanisms. Fracture step over benefits from existing fractures at the opposite 
side of the vein, which makes it very effective under boudinage conditions where multiple subparallel 
fractures can form simultaneously all over the rock volume.
As already suggested in the earlier studies, the competition is furthermore affected by the roughness 
and thickness of the preexisting vein: In Figure 27, both loading conditions produce externally de-
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flected fractures and no fracture step over occurs. In the former crack-seal study (Virgo et al., 2014, 
chapter 3 of this thesis) fracture step over is by far the more dominant process for this strength ratio 
and misorientation angle. This is most likely an effect of the much thinner veins in combination with 
rougher interfaces in this simulation. 
The observation made in this study compared with the previous studies confirm that internal nuclea-
tion of fractures in weak veins and also the mechanism of internal deflection that leads to a mixed 
mode reactivation of misoriented veins are very robust and occur independent of vein thickness and 
loading mechanism. Curving of secondary fractures in the host rock as it is described in the previous 
work (Virgo et al., 2014) does also occur in this study. It seems to be a direct result of the boudinage 
boundary condition that facilitates interaction of differently oriented open fractures.
Dynamic bifurcation of an accelerating fracture tip was readily observed in various uniaxial tension 
models, but it is completely absent in all boudinage deformation simulations. This can have two rea-
sons: Firstly, the ductile layers on top and below the brittle layer that induce the loading also act as 
dampers that inhibit rapid movements of the brittle layer and can therefore inhibit high fracture tip 
speeds. Secondly, the numerous simultaneously propagating fracture tips in the boudinage models 
prevent that one single fracture tip can propagate over a larger distance without interfering with pre-
existing fractures or entering an area where tensile stress is already reduced by disperse fracturing, what 
also dramatically decreases the probability of acceleration to critical speed and dynamic bifurcation.
It can be concluded that, except for dynamic bifurcation, all previously defined fracture-vein interac-
tion mechanisms occur under uniaxial loading as well as under boudinage loading conditions. The 
significance of each interaction mechanism for a given configuration of relative strength and misorien-
tation of the vein may differ in dependance of the loading mechanism, but the general domains for the 
interaction behavior persist. The influence of fracture-fracture interaction on the scale of a single frac-
ture interacting with a vein varies between weak and strong veins: Fracture-fracture interactions play 
only a subordinate role for interaction with veins significantly weaker than the host rock. For veins 
stronger than the host rock, the effect on the fracture-vein interaction behavior is much more apparent.
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4.5 conclusIons
The combination of the geometry and boundary conditions used in this study does not reflect a com-
mon natural example of vein systems. The results nevertheless yield insights into the general nature of 
fracture-vein interactions.
Uniaxial tension produces mostly a single propagating fracture that can interact with a vein and is a 
suitable boundary condition to model fracture-vein interaction on a small scale. Boudinage loading 
condition is a valid loading type for investigation of fractures on the scale of one or more beds in me-
chanically alternating sequences. Boudinage loading conditions produce multiple subparallel fractures 
and results in a high degree of fracture-fracture interaction. This leads in general to rougher fracture 
walls and higher sinuosity. 
Most fracture-vein interaction styles that were observed in uniaxial tension are also active in the cor-
responding boudinage simulations. 
Nucleation in soft veins and mixed mode reactivation of misoriented veins can be regarded as a very 
robust interaction style independently of loading mechanism and vein thickness.
External deflection of fractures at strong veins and the fracture step over mechanism are competing 
interaction mechanisms. Boudinage loading conditions promote fracture-step over by distributed frac-
ture nucleation and rougher vein interfaces. External deflection is favored by larger vein thickness and 
low misorientation angles between fractures and veins. 
Dynamic bifurcation is suppressed by disperse fracturing and fracture-fracture interactions. Further-
more, a damping effect of the ductile layer above and below the brittle layer does inhibit acceleration 
of fracture tips to a critical speed under boudinage loading conditions.
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5. develoPment of fAult And veIn networks In A cArbonAte sequence 
neAr hAyl Al shAZ, omAn mountAIns
Simon Virgo, Max Arndt, Zoé Sobisch and Janos L. Urai
This chapter is based on fieldwork conducted for the diplom mapping thesis of Zoé Sobisch, Max Arndt and 
Simon Virgo in spring 2009. Indicated Figures (*) are modified from the original report (Virgo et al., 2010). 
Several aspects covered in the mapping thesis are also adressed in this chapter but go beyond the former work 
in interpretation and depth of analysis. An edited version of this chapter was published in Geoarabia (2013). 
5.1 AbstrAct
We present a high resolution structural study on the dip slope of the southern flank of Jabal Shams in 
the central Oman Mountains. 
The objectives of the study were: (1) to test existing satellite-based interpretations of structural ele-
ments in the area; (2) prepare an accurate geological map; and (3) collect an extensive structural 
dataset of fault and bedding planes, fault throws, veins and joints. These data are compared with 
existing models of tectonic evolution in the Oman Mountains and the subsurface, and used to assess 
the applicability of these structures as analogues for fault and fracture systems in subsurface carbonate 
reservoirs in Oman.
The complete exposure of clean rock incised by deep wadis allowed detailed mapping of the complex 
fault, vein and joint system hosted by Member 3 of the Cretaceous Kahmah Group. The member  was 
divided into eight units for mapping purposes, in about 100m of vertical stratigraphy. The map was 
almost exclusively based on direct field observations. It includes measurement of fault throw in many 
locations and the construction of profiles, which are accurate to within a few meters.
Ground-truthing of existing satellite-based interpretations of structural elements showed that faults 
can be mapped with high confidence using remote-sensing data. The faults range into the subseismic 
scale with throws as little as a few decimeters. However, the existing interpretation of lineaments as 
cemented fractures was shown to be incorrect: the majority of these are open fractures formed along 
reactivated veins.
The most prominent structure in the study area is a conjugate set of ESE-WNW striking faults with 
throws resolvable from several centimeters to hundreds of meters. These faults contain bundles of 
coarse-grained calcite veins, which may be brecciated during reactivation. We interpret these faults to 
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be a conjugate normal- to oblique-slip fault set, which was rotated together with bedding during the 
folding of the Jabal Akhdar anticline.
There are many generations of calcite veins with minor offset and at high-angle-to-bedding, sometimes 
in en echelon sets. Analysis of clear overprinting relationships between veins at high angle to bedding is 
consistent with the interpretations of Holland et al. (2009a), however we interpret the anticlockwise 
rotation of vein strike orientation to start before and end after the normal faulting. 
The normal faults postdate the bedding-parallel shear veins in the study area. Thus these faults formed 
after the emplacement of the Semail and Hawasina nappes. They were previously interpreted to be the 
same age as the regional normal- to oblique-slip faults in the subsurface of northern Oman and the 
United Arab Emirates, which evolved during the early deposition of the Fiqa Formation in the Cam-
panian as proposed by Filbrandt et al. (2006). We interpret them also to be coeval with the Phase I 
extension of Fournier et al. (2006). The reactivation of these faults and the evolution of new veins 
was followed by folding of the Jabal Akhdar anticline and final uplift and jointing by reactivation of 
preexisting microveins.
Thus the faults in the study area are of comparable kinematics and age as those in the subsurface, how-
ever they formed at much greater depth and fluid pressures, so that direct use of these structures as ana-
logues for fault and fracture systems in subsurface reservoirs in Oman should be undertaken with care.
5.2 IntroductIon
The Oman Mountains have been the subject of intensive research because of their unique tectonic 
setting at the Arabian - Eurasian convergent plate boundary with hydrocarbon systems in northern 
Oman and UAE (Al-Wardi and Butler, 2007; Breton et al., 2004; Fournier et al., 2001; Glennie, 
2005; Gregory et al., 1998; Hanna, 1990; Hilgers et al., 2006; Holland et al., 2009a; Johnson 
et al., 2006; Glennie et al., 1973; Loosveld et al., 1996; Mann et al., 1990; Masse et al., 1997; 
Melville et al., 2004; Pratt and Smewing, 1993; Searle, 2007; Terken et al., 2001). They also of-
fer excellent outcrop analogues for the reservoirs in the subsurface (Borgomano et al., 2002; Droste, 
2010; Filbrandt et al., 2006; Gomez-Rivas, 2011; Greselle and Pittet, 2005; Hillgärtner et al., 
2003; Holland et al., 2009b; Homewood et al., 2005; Homewood et al., 2008; van Buchem et al., 
2002). 
Although the main tectonic elements and phases have been known for a long time (Glennie et al., 
1973; Glennie, 2005; Searle, 1985), in recent years much new research has been presented, which 
101
Chapter 5  Introduction
reveals further details of the complex faulting, fracturing and fracture sealing events in the Mesozoic 
platform carbonates (Al-Wardi and Butler, 2007; Gomez-Rivas, 2011; Hilgers et al., 2006; Hol-
land et al., 2009b; Holland and Urai, 2010; Searle, 2007). In the SW-part of the Oman Moun-
tains, the studies of Hilgers et al. (2006) and Holland et al. (2009b) have established a model for 
the structural evolution, and presented a detailed, high resolution structural map over a large area, 
(>30 km2, comparable to seismic surveys in the subsurface) based on interpretation of high-resolution 
satellite images and local ground truthing. This work opened the way for a similar map, covering a 
much larger (450 km2) area, covering the dip slope of the south flank of the Jabal Akhdar anticline, 
from Murri in the NW, to Birkat al Mawz in the SE (Figure 30). If properly validated, such a map 
would provide a uniquely large and detailed dataset and new insights into the structure of faults and 
fractures in carbonates (cf. van Gent et al., 2010a; van Gent et al., 2010b).
Figure 30:  Geological Map of the central Oman Mountains with major geologic tectono-stratigraphic groups. 
The central Oman Mountains comprise two tectonic windows namely Jabal Akhdar and Saih Hatat. The Pre-
Permian basement (Autochthon A) and platform carbonates deposited on the southern margin of the Neothetys 
(Autochthon B) were overridden by Hawasina (deep sea sediments) and Semail Nappes by a N-S directed ob-
duction from Early Turonian until Early Maastrichtian. An Oligocene to Miocene orogeny led to the formation 
of large scale folds and subsequent erosion carved the present day Oman Mountain geology (modified after 
Breton et al., 2004).
Saih Hatat 
  windowJabal Akhdar 
window
Rustaq Nakhl
Nizwa
Bahla
Samail
Muscat
Gulf of Oman
Batinah coastal plain
Hawasina window
Ibri
Ibra
57°E 58°
57° 58°
 
23° N
59°
500
 km
N
Autochthon B 
Autochthon A 
Semail Ophiolite Nappe Quaternary to recent
sedimentary cover
Hawasina Nappes
Oman
Iran
UAE
O
m
an Mountains
Figure 2
Murri
Birkat al Mawz
102
Chapter 5  Introduction
This paper provides the validation of the satellite-based interpretations of structural elements from 
a previous study by Holland et al. (2009b), (see coverage in Figure 31) by carrying out a detailed 
test (ground truthing) in a representative area, which is the basis for a regional follow up study using 
remote-sensing techniques.
The second aim of this study was to prepare an accurate and high resolution geological map of the same 
area based on detailed field work, and collect an extensive dataset of orientations of fault and bedding 
planes, fault throws, vein overprinting relationships and vein strike orientations on bedding planes, 
together with orientations of joints. This will also allow the inverse of the ground truthing exercise, by 
mapping all the structures that could be detected in remote-sensing images, improving future inter-
pretation. These data are then used to build a model of the structural geometry and evolution of the 
study area and compared with existing models of fault and fracture networks in carbonates, and of the 
tectonic evolution in the Oman Mountains and in the subsurface.
Finally, these data are used to assess the applicability of these structures as analogues for seismic to sub-
seismic fault and fracture systems in subsurface reservoirs in Oman and UAE.
Figure 31: Landsat satellite map of the study area (outlined in orange) located on the southern flank of Jabal 
Akhdar anticline in the north of Al Hamra. This study is based on high resolution satellite imagery. The red 
rectangle indicates the coverage (cf. Holland et al., 2009b).
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5.3 geologIc settIng
The Central Oman Mountains can be subdivided into four tectono-stratigraphic groups – the Autoch-
thonous A and B and the Allochthonous nappes (Hawasina and Semail Ophiolites) (Al-Wardi and 
Butler, 2007; Breton et al., 2004; Glennie, 2005; Searle, 2007) (Figure 30). Sedimentary and vol-
canic rocks of Late Precambrian to Pre-Permian age characterize Autochthon A. This is unconformably 
overlain by the sedimentary succession of Autochthon B (Permian – Upper Cretaceous, see Figure 30). 
Autochthon B consists of platform carbonates that were deposited during the Permian to Upper Cre-
taceous onto the southern passive margin of the Neothetyan Ocean after the break-up of Gondwana 
(Breton et al., 2004; Glennie, 2005).
With the opening of the North-Atlantic Ocean and the Red Sea during late Cretaceous the Neothetys 
was closed again. This led to the NNE-SSW directed obduction of young and therefore hot and light 
oceanic crust (Semail Ophiolites) on top of the autochthonous units, together with the Hawasina nap-
pes, which consist of deep-sea sedimentary rocks with intercalated volcanic rocks and massive blocks 
of shallow water carbonates – the so-called Oman Exotics (Bernecker, 2007; Breton et al., 2004; 
Glennie, 2005; Hanna, 1990; Pratt and Smewing, 1993; Searle, 2007).
The southern slope of Jabal Shams in the central Oman Mountains is part of the Jabal Akhdar anticline, 
which forms a tectonic window into the pre-Permian basement (Beurrier et al., 1986; Breton et al., 
2004; Glennie, 2005; Searle, 2007). The study area is located north of the village of Hayl al Shaz, 
NW of Al Hamra in the Oman Mountains, covering an area of ~6 square km (Figure 31).
Stratigraphically, the area exposes rocks of Autochthon B, more specifically the Barremian-early Aptian 
member 3 of the Kahmah Group (Kh3, Figure 32, Figure 34b), mapped by Beurrier et al. (1986). 
Parts of this group are the Shu’aiba and Lekhwair Formations, which form major oil and gas reservoirs 
on the Arabian Peninsula (Borgomano et al., 2002; Droste, 2010; Greselle and Pittet, 2005; 
Hillgärtner et al., 2003; Masse et al., 1997; Terken et al., 2000; van Buchem et al., 2002). The 
Kahmah Group is the equivalent of the Thamamah Group in the UAE, which forms another major 
reservoir (Johnson et al., 2006; Melville et al., 2004).
The map of Beurrier et al. (1986) shows two faults in the study area: In the north a large fault with at 
least 500 m throw (here called Dar Al-Baydhaa fault; DAB) juxtaposes Kh3 rocks with both Kh1 and 
Sa (Jurassic Sahtan Group). In the south another large fault (called Hayl al Shaz fault) juxtaposes Kh3 
rocks with rocks of the Natih Formation (Ws2; throw >100m) (Razin et al., 2005). Within the central 
part of the study area no faults were mapped by Beurrier et al. (1986) (Figure 34b). Hilgers et al. 
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(2006), Holland et al. (2009b), and Holland and Urai (2010) prepared a much more detailed fault 
and fracture map, and presented a model of the structural evolution of the area based on overprinting 
relations of structures found in the field.
Figure 32: Stratigraphy of the study area comprising rocks of the uppermost member of Early to Middle Creta-
ceous Kahmah group (Kh3). The member contains the well known Habshan, Lekhwair, Kharaib and Shua’iba 
Formations (Razin et al., 2005). The Figure is compiled from Beurrier et al. (1986), Breton et al. (2004) 
and Searle (2007).
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5.4 methods 
The fully-exposed outcrop of clean rock cut by deep wadis presents world-class exposures of the Kah-
mah Group (Beurrier et al., 1986; Breton et al., 2004; Hilgers et al., 2006; Holland et al., 
2009b). This allowed the creation of a very high-resolution geologic map including measurements 
of fault throw. At this exceptional outcrop condition it is possible to create a geological map based 
exclusively on direct, verifiable field observations without interpolations across areas lacking outcrops. 
5.4.1 Positioning and measurement
The mapping was carried out based on a sub-meter resolution, multispectral Quickbird satellite image 
that offers a spatial resolution of 0.7 m in the panchromatic band (see Holland et al. (2009b)). The 
first order topography was derived from an ASTER digital elevation model with a spatial resolution of 
30m and a vertical accuracy better than ±15m (Hirano et al., 2003). Positioning in the field was very 
accurate against Quickbird imagery printouts at the scale 1:2500 and aided by GPS.
Structural features such as bedding, joints and veins were measured with a Breithaupt geological com-
pass. The orientation of faults was determined using photographs of fault exposures in wadi walls, 
taken with a spirit-leveled digital SLR Camera from the other side of the wadi while viewing direction 
is parallel to the strike of the fault. This produced accurate measurements of the orientation of a fault 
plane at a ten meter scale. Ground truthing and age relationship observations were documented with 
geotagged photographs. With the use of the Quickbird image as a basemap all mapped structures and 
documented information were integrated into a GIS-system. 
5.4.2 Mapping units and structures
The area exposes approximately 100 m of stratigraphic thickness. The stratigraphic units in the area are 
laterally very continuous and recognizable, with thickness variation of less than one meter. Thickness 
of litho-stratigraphic units was measured at several locations in the area, by lowering a tape measure 
along the steep wadi walls, and measuring along this tape from the other side of the wadi. 
This allowed, for the purpose of structural mapping, definition of a local set of 8 litho-stratigraphic 
units named/labeled A - H. These are shown in Figure 33 and described later in the paper. 
In addition to mapping the eight litho-stratigraphic units, we mapped faults, and in some cases fault 
gouge (Figure 34a). 
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Figure 33: * Lithologic column of the 
stratigraphy exposed in the study area. 
The column of approximately 100 m 
thickness is characterized by up to 15 
m thick massive limestone layers in-
tercalated with argillaceous limestone 
layers of variable thickness. The eight 
litho-stratigraphic units (A-H) units are 
laterally very continuous and recogniz-
able (simplified representation of the bed 
stacking; not to scale). 
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5.4.3 Geologic mapping and ground truthing of joints and veins
As a result of the exceptional exposure, this map is very accurate and reproducible. All unit boundaries 
and structures on the map were checked against direct field observations. The accuracy of mapped unit 
boundaries is estimated to be 1m in the reference frame of the Quickbird image and better than 10 
m in the global reference frame as shown by comparing locations identified on the Quickbird image 
with the GPS location. An exception is the walls of the steep wadis where the map accuracy is less and 
interpolation is locally required (Figure 34a). 
Mapping of faults was done exclusively based on field observations. Therefore, faults on the map are 
only shown when they can be directly observed in the field, by offset of layers and/or characteristic 
fault gouge. These results were then compared against the fault map based on satellite interpretation 
(Holland et al., 2009b). Mapping of the faults was facilitated by the fact that in the vast majority of 
faults, which can be clearly identified in a wadi wall (throw > 1 m) and followed on the dip slope, there 
is a characteristic set of white calcite veins and calcite vein breccia. In the mapping area faults without 
calcite veins are very rare. 
Profiles were constructed based on the orientation data of bedding as well as the throw and orientation 
of all mappable faults (throw more than 1 m). Comparing the constructed surface of the profiles with 
the topographic profile based on the Digital Elevation Model, it was shown that these independent 
data agree within the accuracy of the DEM (±15 m).
Joints and veins were mapped in detail in a set of 17 selected, representative sub-areas based on practi-
cal considerations, where the correspondence of field structures and satellite lineaments was compared 
in detail. 
108
Chapter 5  Results
3
2
2
2
2 2
2
2
2
3
1.5
1.5
5
5
4
15
30
10
10
10
35
528000 528500
25
62
00
0
25
62
50
0
0 50 100 150 20025
m
1
2
3
2
2
2
2 2
2
2
2
2
3
1
1
3
2
2 1
3
3
2
1
2
3
2
2
2
1
1.5
1.5
5
8
5
5
5
4
6
7
7
6
12
10
12
15
30
10
10
11
20
12
10
35
44
30 15
15
10
526500 528000
25
61
50
0
25
63
00
0
Legend
Fault throw (m)
1.0 - 3.0
3.0 - 8.0
8.0 - 12.0
12.0 - 20.0
20.0 - 44.0
Faults
0 250 500 750 1000125
m
526500 528000
25
61
50
0
25
63
00
0
0 250 500 750 1000125
m
Ws 2
Kh 1
Kh 1
Kh 1
Kh 2
Kh 2
Kh 3
Sa
Sa
526500 528000
25
61
50
0
25
63
00
0
Legend
Faults
Ws 2
Kh 1
Kh 2
Kh 3
Sa
0 250 500 750
1000
125
m
Kh 2
Kh 2
Sa
Sa
Kh 1
Kh 1
Kh 1
Kh 1
8
7
8
7
9
8
9
8
15
12
10
13
14
18
11
13
10
10
11
13
12
11
1113
17
13
11
11
10
11
526500 528000
25
61
50
0
25
63
00
0
Legend
Top Light Blue
Yellow
Brown
Red
Red assumed
Quadrupel Layer
Dark Blue
Dark Blue assumed
Orange
Orange assumed
Light Green
Light Green assumed
Fault Gouge
Kahmah 3 subunits
0 250 500 750 1000125
m
A’
A
B’
B
C’
C
C’’
Map units after Beurrier et al.
Bedding
Faults
Kh 1
Kh 2
Sa
Map symbols
Profile anchor point
c
d
e
a
b
DAB
DAB
DAB
DAB
DAB
DAB
Hayl al Shaz
Hayl al Shaz
Hayl al Shaz
Hayl al Shaz
DAB
DAB
Figure 34 (see facing page for caption):
109
Chapter 5  Results
5.5 results
5.5.1 Outcrop pattern in local topography
The outcrop pattern is mainly controlled by four factors. (1) The regional topography (103 - 104 m 
scale) can be characterized as a dip slope where the topography of Jabal Shams’ southern slope has the 
same dip as the outcropping strata. (2) WNW-ESE trending faults produced stratigraphic offsets jux-
taposing younger strata with older strata and vice versa. A prominent and potentially confusing feature 
here is that in many cases the topographic slope is smooth and parallel to the bedding across a fault. 
In other words, faults usually do not have topographic expression (Filbrandt et al., 2007), but wadi’s 
may change direction across faults (see also Holland et al. (2009b)). (3) Wadis form windows into 
older stratigraphic units. (4) Local topography (101 -102 m scale) is defined by weathering resistance of 
limestone layers and is reflected in the outcrop pattern (see Figure 34, Figure 35, Figure 36, Figure 37). 
Litho-stratigraphic units A - H
The approximately 100 m of stratigraphy exposed in the area is characterized by up to 15 m thick 
massive limestone layers intercalated with argillaceous limestone layers of variable thickness. For the 
purpose of mapping, we defined a series of layers called litho-stratigraphic units A to H (Figure 33), 
which are laterally very continuous and recognizable. 
The limestone beds are commonly made up of dark grey mudstone to wackestone that weathers to a 
lighter grey or light brown color. Within these, floatstone horizons made up mainly of rudist debris as 
Figure 34: (facing page) figures showing results of geologic mapping and comparison to existing geologic maps 
and fault maps in the study area. Note: Basemap for all maps is a high resolution Quickbird image (cf. Holland 
et al. (2009b)). With the exception of map (e) all maps are showing the same area. The position of map (e) is 
indicated in map (d). (a)* high resolution geologic map based on eight litho-stratigraphic units (see Figure 33) 
showing a dip slope outcrop pattern with steeply incised wadis and faults showing a strong segmentation of the 
strata. See text for further explanation regarding accuracy and reproducibility. The anchor points of three geo-
logic cross sections (Figure 38) are marked with red dots. The stratigraphy to the north of the Dar-al Baydhaa 
fault (DAB) has been adapted from Beurrier et al. (1986). The map is almost exclusively based on direct field 
observations. Areas (steep wadi walls) with interpretations are marked with a hatched shading. (b) geological 
map of the study area adapted from Beurrier et al. (1986). The study area between the DAB-fault and the 
village Hayl al Shaz exposes rocks of the Kahmah 3 member. According to formation thicknesses published 
by Razin et al. (2005) the DAB fault has a minimum stratigraphic displacement of 500 meters. The southern 
main fault has a minimum stratigraphic offset of 100 meters. (c) overlay of faults mapped by Holland et al. 
(2009b). This data should be compared with the data from the current study in map (a) and map (d). (d) fault 
map of the study area with visualized fault throw data. Circle size indicates the fault throw. The white rectangle 
indicates the area shown (e). Note the variability of fault throw along strike and the bifurcation of the fault 
network towards the east. The throw of the DAB fault is estimated at 500 meters. (e) enlarged image of area 
shown in (d). Detailed section of the fault map with measured fault throw data. Note the fault throw ranging 
1.5 m up to 35 m in this excerpt.
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well as bioturbation are common in all mapping units. In fossil-rich beds occasionally a low angle cross 
bedding can be observed. Stylolites as well as iron bearing concretions occur in several layers. Thicker 
fossil-rich layers are laterally continuous and recognizable. The argillaceous interlayers are commonly 
less thick (<2m) and of a light grey to brown color. They consist of a marly to clay-rich Limestone with 
a laminar or lenticular texture with pressure solution cleavage and lack macroscopically recognizable 
fossils.
Unit H
The lowermost unit H (light green in Figure 34a) has only its top defined. Its upper layer is a ca. 2m 
thick argillaceous bed that tends to form a horizontal recess in the cliff leaving unit G overhanging. Es-
pecially near faults this layer is often washed out, forming small caves. Below this an erosion-resistant 
layer of 20m thickness is present (Figure 33, Figure 37).
Unit G
This unit (orange in Figure 34a) consists of a single, massive limestone bed of 11.20 m thickness that 
forms a prominent cliff at wadi walls (Figure 33, Figure 37).
Unit F
This unit (blue in Figure 34a) appears in the wadis as a 16 m high cliff composed of numerous layers of 
equal thickness. Bioturbation and horizons of rudist debris are present in several layers of the unit. The 
bottom of the mapping unit F is marked by a grey mudstone bed, that is pervaded by reddish Schlieren 
(Figure 33, Figure 34, Figure 35, Figure 36, Figure 37). 
Unit E 
The top layer of this unit (olive in Figure 34a) is a 10 m thick, weathering-resistant limestone layer 
that comprises a horizon of iron bearing concretions. Below this there are five almost equally thick 
limestone beds of which four are usually clearly seen in wadi walls.
The lowermost bed of unit E is a 5m thick limestone layer, which shows intensive bioturbation as well 
as bedding-parallel stylolites. Laterally discontinuous, fossil-rich horizons are common. These fossils 
are associated with small iron concretions (Figure 33, Figure 34, Figure 35, Figure 36, Figure 37). The 
overall thickness of unit E is 21 m.
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Unit D 
This unit (red in Figure 34a) has an overall thickness of 19.5 m and part of it forms a cliff in most wadis. 
It is bound at the top by a 70 cm thick, solitary, massive limestone bed. The remainder of the unit is 
made up of a single massive and fossil-rich limestone bed. On the dip slope it is easy recognizable by a 
horizon rich in rudist debris. In profile the bed shows a southward dipping low angle joint set, which 
is unique within the stratigraphic column of this study. The lower half of the red unit contains frequent 
stylolites as well as bioturbation.
The bottom of unit D is defined by an argillaceous bed of ca. 1.5m thickness. Due to its recessing 
weathering, this layer usually does not crop out on the dip slope (Figure 33, Figure 34, Figure 35, 
Figure 36, Figure 37).
Figure 35:  In the southern part of the large western wadi, lithostratigraphic units A to E crop out in a condi-
tion that is ideal for study. View to the west. See Figure 33 for unit thicknesses.
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Unit C
This unit (brown in Figure 34a) is 4 m thick and consists of two weathering- resistant limestone beds 
separated by a 0.7 m thick argillaceous bed with lenticular texture. The top of the unit is marked by 
bioturbation. The bottom of unit C is characterized by a 1.5 m thick, argillaceous bed (Figure 33, 
Figure 36).
Unit B
The upper half of this unit (yellow in Figure 34a) is a 6 m thick unit that is enriched in fossils while 
the lower half features a fossil-poor limestone bed with undulating laminations (Figure 33, Figure 35).
Unit A
The uppermost (light blue in Figure 34a) mapping unit has only its bottom defined. It is marked by a 
40 cm thick argillaceous limestone layer of light grey color. Above this, there is a succession of massive 
limestone beds, which were not studied further (Figure 33, Figure 35).
Figure 36: * Field photo into the large eastern wadi exposing the litho-stratigraphic units C to H. Viewing 
direction is SE. See Figure 33 for unit thicknesses.
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5.5.2 Geologic map
The map has two main elements: the outcrop pattern of the boundaries of the litho-stratigraphic units, 
and the faults (Figure 34a). The boundaries of the litho-stratigraphic units show the typical outcrop 
pattern of a dip-slope, with the lower units outcropping in the northern part of the area. 
Faults are the most prominent structural feature in the mapping area. They are exposed in the wadi 
walls (Figure 37, Figure 41) and usually easy to follow laterally on the dip slope. Minor faults with 
throw less than 1 m were occasionally identified in the wadi wall profiles, associated with the larger 
faults (splays, branches) but these could not be followed on the dip slope. 
Figure 37: Horst and Graben structures can be observed at many locations within the steep walls of the wadis 
as shown in this Figure. Large western wadi, view to west. See Figure 33 for unit thicknesses.
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5.5.3 Cross sections
Three geological cross sections (A-A’, B-B’, C-C’-C’’, Figure 38, see Figure 34a for location) illustrate 
the three-dimensional architecture. A few longer faults can be traced through all profiles showing 
variations in strike orientation (undulation) and fault throw (compare with van Gent et al. (2010a, 
2010b)). We note here that in many cases the topographic slope is smooth and parallel to the bedding 
across a fault. In other words, faults usually do not have topographic expression.
Figure 38: * Three geologic profiles (A-A’, B-B’ & C-C’C’’) through the study area (no vertical exaggeration). 
The profiles illustrate the dip slope topography as well as conjugate normal fault sets being rotated with the bed-
ding. The location of profiles is indicated in Figure 34a. 
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5.5.4 Structural inventory and overprinting relationships
Faults
Orientation of faults was measured across the wadi walls with an accuracy of a few degrees. Figure 39 
shows a lower hemisphere plot of faults and bedding in the mapping area, distinguishing the faults 
with hanging wall in S and N. It can be seen that some north-dipping faults have the hanging wall to 
the south.
The throw of the mapped normal faults ranges from >500 m (DAB) to ca. 1m (Figure 34d, Figure 34e). 
Especially in faults with throws exceeding ten meters, very large calcite crystals often occur as shown 
by the cleavage rhombohedra (Figure 40e). In some cases the cemented fault gouge is brecciated and 
incorporates angular and elongate vein and host rock fragments (Figure 40h).
The dip of a fault plane can vary across layer boundaries. Changes in dip are commonly associated 
with minor antithetic faults (Figure 41a, Figure 41b). Branching of the fault into several synthetic 
fault strands (Figure 41b) and sometimes rejoining of the branches into a single fault (“horses”) can be 
observed. In some cases drag folding of the bedding (Figure 40d) occurs associated with faults (com-
pare with Holland et al. (2011), van der Zee et al. (2008) and van Gent et al. (2010b)). We note 
here that a full analysis of the fault zone structure was not undertaken in this project. In the profiles of 
Figure 38 the zones are drawn as straight lines representing the average of the undulating fault plane.
Fault planes are rarely exposed (mainly along the massive gouge of the DAB fault) but where visible, 
striations in dip slip and oblique slip orientation were occasionally observed (Figure 41c, Figure 41d). 
The faults are usually not solitary but form an interconnected network that shows a trend of increasing 
bifurcation towards the east (Figure 34a, Figure 34d and Figure 34e). 
Joints
Open joints occur sub-perpendicular to bedding in two predominant strike directions (NE-SW and 
NW-SE) forming an orthorhombic to orthogonal fracture network (Figure 49, Figure 50).
The joints are usually straight, show varying apertures (mm -, cm- and dm-scale) and, in general, are 
spaced 10 cm to 1m apart. Joint sets with a small spacing and a low aperture are usually confined to 
a single limestone bed. Wider joints, with a fairly constant and wide spacing, can penetrate through 
several beds. 
Abutting of joints is very common but the abutting relationships are inconsistent. Therefore a classi-
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fication into systematic and a non-systematic joint sets is not possible. A common observation is that 
joints reactivate microveins and macroscopic veins. In outcrop joints are often widened by erosion and 
filled with light brown fine-grained, carbonatic soil (Figure 49e).
Figure 39: * Lower hemisphere (Schmidt-net) plot of faults and bedding in the mapping area. Faults are 
grouped into faults with hanging wall to north, faults with hanging wall to south and fault clusters individually. 
The half dihedral angle between the clusters is oriented normal to bedding. The intersection lines of conjugate 
faults are oriented horizontal or shallow dipping with an E-W strike.
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Figure 40: Fault core details of the Dar Al-Baydhaa fault (a-e) and medium size faults with an offset of a few 
tens of meters (f-h). (a) and (b) show the DAB exposed in the westernmost wadi of the field area where it juxta-
poses the rocks of the field area (Kh3) to equally competent rocks of the Kh2. The fault gouge reaches a width of 
more than 10 meters. (c)* on the slope the cemented fault core stands out due to its high weathering resistance. 
(d) in the east of the mapping area where soft rocks of the Sahtan group are present in the footwall the cemented 
core is less wide. Bedding is rotated and dragged into the fault on the footwall side. Note that the density of 
vegetation increases in the vicinity of the fault. (e) volumes filled with large crystals of precipitated calcite are 
common along the DAB fault and indicate dilatational sites. (f-h) (next page) fault zones of medium- and 
small-sized faults usually also feature calcite-cemented breccia with angular and elongate host rock fragments (f) 
besides large calcite crystals (h)* and increase of vein density (g).
b
d
e
W
E
g
f h
c
E
a
W
50
 m 2
0 
m
50 cm
20 cm50 cm20 cm
50
 m
50 cm
G
G
F
F
H
H
Dar Al-Baydhaa fault 
Dar Al-Baydhaa fault 
Sahtan
118
Chapter 5  Results
b
d
e
W
E
g
f h
c
E
a
W
50
 m 2
0 
m
50 cm
20 cm50 cm20 cm
50
 m
50 cm
G
G
F
F
H
H
Dar Al-Baydhaa fault 
Dar Al-Baydhaa fault 
Sahtan
Figure 40 (continuation)
119
Chapter 5  Results
Stylolites
All major stylolites found in the mapping area are parallel to bedding. Their teeth can be up to several 
centimeters long. Laterally they can be traced for long distances (order of several tens of meters) and 
also where they cross faults.
Minor stylolites of mostly less than a meter length occur in various strike directions at a high angle to 
bedding. Those can often be found interacting with subvertical veins (Figure 44b). 
Figure 41: Fault exposures in the subvertical section of wadi walls: (a) horst with nearly identical throw (10m) 
on both delimiting faults; (b) south-dipping fault with 16m of throw branching into two synthetic fault strands; 
(c, d) outcrop of a steep normal fault (hanging wall to south, north-dipping) in a wadi bed, one of the few 
locations where direct measurement of a fault plane is possible.; (e) slightly undulating fault plane of a south-
dipping fault with 12m of throw; (f) steep fault with hanging wall to north. Note that faults do not produce a 
topographic expression on the dip slope.
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Microveins 
Veins are referred to as microveins if their aperture is less than 1 mm. In the mapping area they oc-
cur with variable densities. In some locations they show a spacing of only a few millimeters and an 
aperture-to-length ratio significantly lower than that of macroscopic veins in the same area. 
The microveins have straight walls and a calcite cement that gives only poor contrast to the host rock. 
Nevertheless, they can easily be spotted in places where they separate rock volumes of slightly different 
color (Figure 42b). Most microveins are oriented sub perpendicular to bedding and strike NW-SE. 
However many other orientations, including bedding parallel, are common. Intersections between mi-
croveins are usually sharp and show no signs of curving or abutting. Microveins are often preferentially 
weathered and develop into open joints (Figure 42a). A common observation is microveins being re-
activated by veins at high angle to bedding (see next section) as well as joints (Figure 42c, Figure 42d).
Figure 42: Field photos of ubiquitously observed microveins. (a)* densely spaced microveins are weathered 
forming comb-like, sharp ridges. Image width ca. 20 cm. (b) microveins form a polygonal tile-pattern by 
separating limestone with different rock color. Recent joints are deflected by microveins as to be seen in the 
mid-right part of the image. (c) recent joints with interfering crack-tips reactivate preexisting microveins. Coin 
for scale. (d) preexisting microveins (white arrows) appear reactivated by macroscopic veins that show a sinistral 
in-plane displacement creating a dilatant jog. The jog itself is delimited by preexisting microveins.
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Veins at high angle to bedding (VHAB)
Calcite veins are ubiquitous in the area, commonly at high angle to bedding. These can be found with 
all strike directions in the mapping area (Figure 43). The overall vein density is much higher in the 
damage zones of faults. The ubiquitous occurrence of veins with high angle to bedding away from 
faults however suggests that many veins are not fault-related. There are hints in the field that the vein 
density varies between layers, but this is not very strong. The end-member, regularly spaced, bedding 
confined veins (compare Holland et al. (2009b)) has not been found in the area.
Normal to bedding veins are commonly in opening mode. In some cases indicators for mixed-mode 
opening and shear displacement along veins can be found, such as “wing vein” terminations and 
dilatant jogs (Figure 44c, Figure 44g and Figure 46a). Veins at high angle to bedding can be solitary 
with highly variable length-to-aperture ratios, vein bundles and en echelon sets. Solitary veins feature 
straight walls and show apertures up to 5 cm and lengths ranging from less than one meter to several 
tens of meters (Figure 44a). Veins at high angle to bedding are filled with coarse-grained calcite. Len-
ticular host rock inclusions and tip splay termination are indicative for crack-seal growth (Figure 44e). 
The zebra veins described in Holland and Urai (2010), occasionally occur in the area, as tip splays 
of larger veins (Figure 44f ).
En echelon vein sets sometimes occur as conjugate sets. In some cases they also form the termination 
of solitary veins. The echelon vein sets have lengths of several meters and consist of equally sized and 
distributed vein segments along their strike. The segments usually feature a high aperture-to-length 
ratio at lengths in the order of 10 centimeters (Figure 44d) (cf. Gomez-Rivas (2011)). The distribu-
tion of vein, joint, and microvein orientations in the area is shown in Figure 43. 
Figure 43: * Rose diagrams displaying the strike directions of structural features obtained from different scales 
and methods on the southern slope of Jabal Akhdar. (a) open (recent) joints measured in outcrop. (b) macro-
scopic veins (at high angle to bedding) measured in outcrop. (c) microvein orientations obtained in a micro-
structural study by Meessen (2011). (d) orientation of linear features (respectively joints) from satellite image 
interpretation by Holland et al. (2009b).
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Bedding parallel veins
Bedding parallel shear veins are found at bedding interfaces (Figure 45). They can be found in the 
same stratigraphic position in outcrops several hundred meters apart, which suggests a large lateral 
continuity. Bedding parallel veins show apertures between 1 cm and 3 cm. They contain host rock in-
clusion bands that are arranged sub-parallel to the vein wall as well as slickenfibers that indicate NNE 
to SSW striking shear direction (Figure 45b).
Figure 44: * Examples of veins oriented high angle to bedding (VHAB): (a) long solitary veins with cm-scale 
aperture and lengths of several meters (compass for scale). (b) solitary veins interacting with minor, sub-vertical 
stylolites (compass for scale). (c) solitary vein with wing cracks and en echelon veins as lateral termination (per-
son for scale). (d) dextral en echelon vein array (compass for scale). (e) thick solitary veins with tip splays and 
parallel microveins. (f) two broad vein bundles interacting with a solitary vein (compass for scale). (g) shear vein 
with a dextral dilatant jog (compass for scale).
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Figure 45: * (a) stacked bedding parallel vein at the interface of two argillaceous limestone layers in profile 
view. The vein contains bands of host rock inclusions incorporated into the vein parallel to the interface (pen 
for scale) (b) the remnants of eroded bedding parallel veins are often exposed on the surface of limestone layers. 
The orientation of stretched calcite crystals indicate the shear direction to be either NNE or SSW. The stretching 
lineation of the crystals is highlighted with red lines (length of arrow is 10 cm).
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Overprinting relationships and vein orientations
Veins at high angle to bedding consistently crosscut major bedding-parallel stylolites. The interplay 
of veins and minor stylolites with high angle to bedding suggests that those stylolites formed either 
contemporaneously with or later than the veins (see Figure 44b). Overprinting relationships between 
the veins and the normal faults are inconsistent and complex in this area. Abutting of veins was never 
observed. Normal faults clearly offset bedding parallel veins as well as bedding parallel stylolites. Joints 
are interpreted as very recent since they cross-cut all other structural features. 
Figure 46: * Different types and examples of vein overprintings (veins with high angle to bedding): (a) a set of 
conjugate shear veins offsetting a thick solitary vein (compass for scale). (b-f) if no offset is apparent, different 
vein cement colors can be used to determine the relative timing of crosscutting veins. (f) occasionally a local 
rotation of veins can be observed when overprinted by en echelon arrays.
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Over 100 overprinting relationships between veins at high angle to bedding have been collected (Fig-
ure 46). To get more insight into the overprinting relationships between veins, strike directions were 
plotted in an X-Y diagram shown in Figure 47. In this diagram, each point represents one overprinting 
relationship where the strike direction of the intersected (older) vein is plotted on the Y-axis against the 
strike direction of the crosscutting (younger) vein. 
Data from eleven outcrops with three mutual vein overprinting relationships are shown also in this 
diagram (see Figure 48 for examples). Nine cases indicate anticlockwise rotation (taking acute angles) 
of the three subsequent veins, one clockwise, and one mixed. It is also seen in this diagram that vein 
intersections with clear overprinting relationships at angles below 30º are rare. 
Figure 47: * Age relationship observations organized in a scatter plot. For each observed vein overprinting the 
strike direction of the relatively older vein (green scale on y-axis) is plotted against the strike direction of the 
relatively younger vein (red scale on the x-axis). An anticlockwise rotation of subsequent veining is indicated by 
the wedge-like shape of the point-cloud that widens to the left with respect to the y-axis. The top right corner 
corresponds to the oldest vein generation (1). Colors from green to red indicate subsequently younger veins. 
Data points in the blank area correspond to veins that have reactivated already existing vein strike directions 
after the rotation has exceeded 180°. 
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Figure 48: Examples veins with three different strike orientations overprinting each other. Their corresponding 
data points are highlighted in the scatter plot on the right side (see also Figure 47). (a) based on the acute angle 
between the intersecting veins, this example is one of the rare indicating a clockwise rotation of veining direc-
tion. In our interpretation the youngest vein (NE striking) reactivates a strike direction that was active before. 
(b) triple overprinting indicating an anticlockwise rotation of the subsequent veins. Clear crosscuttings of veins 
at angles less than 30° (here: youngest and intermediate vein; nb. 1) are not common. (c) example indicating 
anticlockwise rotation. The total amount of rotation recorded in this outcrop is 100°.
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5.5.5 Ground truthing
An unambiguous correlation of a lineament on the satellite imagery to a distinct feature in the field is 
not possible in all cases, i.e. in some cases one sees different structures on a satellite image than in the 
field.
A comparison of the results of the satellite image interpretation by Holland et al. (2009b) to the 
direct field observations shows a consistently good correspondence of the faults mapped with remote-
sensing and faults mapped in the field (Figure 52 and Figure 53). 60% of faults (measured by outcrop 
length on the map) appear on both satellite and the field map. 25% were directly observed in the field 
but have not been interpreted by remote-sensing. The remaining 15% mapped by remote-sensing 
could not be proven to exist in the field, due to lack of lithologic offset and absence of a fault gouge 
(Figure 55). The sum of all (100%) refers to combined faults mapped from remote-sensing and field 
observations.
Mapping of faults on the floor of deeper wadis could not be carried out with comparable quality to 
mapping on the dip slope surface due to limited accessibility and recent sediments. These areas are 
excluded from comparison of fault outcrop lengths.
Ground truthing of linear features (referred to as “fractures” and “joints” in the Holland et al. (2009b) 
dataset) revealed that these lineaments are in most cases joints filled with light brown soil or veins and 
vein arrays with bright (white) calcite fill (Figure 49, Figure 50). The open joints far outnumber cal-
cite filled veins in the area. Only a very few lineaments in the immediate vicinity of settlements are of 
anthropogenic origin (i.e. point source mining of building stones or paths created by daily livestock 
movements).
In contrast to the fault interpretation, which showed a good agreement to field observations, the vast 
majority of joints and veins that can be found in the area are not directly resolved on the satellite 
imagery because their spacing is generally below the resolution of the Quickbird image. Regions with 
high gradients in the density of joints and weathered microveins appear as a recognizable linear pattern 
on the Quickbird imagery and even though the structures are too small to be resolved, the main strike 
directions are measureable. 
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Figure 49: * (a) and (b) Quickbird image excerpts. (b) shows interpreted joints/fractures from Holland et al. 
(2009b). Quickbird image, band 4, 2, 1 as RGB, pan-sharpened. The image’s contrast was adjusted with Arc-
Map. (c) oblique view photo on same area as in (a). Open fractures with a well distributed spacing of 3-5 meters 
can be found here. The black frame indicates the position of (d). (d) and (e) the previously mentioned open 
fractures have an aperture of 20-40 cm and are not only filled with fine grained soil but also are densely inhab-
ited by vegetation. Small grasses are predominantly growing in the soil, but small bushes and even trees with a 
height up to 3 meters are rooting into the fractures. No calcite veins with appropriate dimensions were observed.
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Figure 50: * (a) satellite image overview. One can clearly see linear features appearing on the image in two 
major directions (SE and NE). The red markers refer to field photographs in (b) to (d). (b) the area’s surface is 
rough due to weathering leaving polygonal blocks. (c) the voids between orthogonal to orthorhombic blocks is 
filled up with light brown dust and covered with different species of plants. (d) the free limestone faces strike 
predominantly in the direction of the linear features visible in the Quickbird excerpt (a). Microvein orientations 
(not to be seen in the photo) are corresponding with a main joint orientation (strike NW-SE).
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Figure 51: Surface expression of faults in profile view. (a) the dip slope extends across a southward dipping 
normal fault (throw: 11 meters) without a recognizable topographical change. The erosional surface is parallel to 
bedding. (b) a gradual change of erosional surface dip in the vicinity of a southward dipping normal fault. The 
overall change in elevation associated to the normal fault does not reflect its actual throw.  (c) surface expression 
of the DAB Fault (throw: >500 m) in the eastern part of the study area. Away from the fault the erosional surface 
(highlighted with dashed line and triangles) on the footwall and hanging wall is parallel to bedding.  The surface 
elevation of the footwall is lower than the surface of the hanging wall (vice versa case would be expected). The 
topographic expression is controlled by the weathering resistance of the juxtaposed layers and does not represent 
the fault´s kinematics.
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Figure 52: * Correlation of faults appearing on satellite-image with corresponding faults in the field. (a) satellite 
image showing the DAB-fault (throw >500m) juxtaposing Member 3 rocks of Kahmah group (dark color in 
the southern part) with bright colored rocks of the Rayda Formation (Kh1 member) and Jurassic Sahtan Group 
(deeper in the wadi; see also Figure 34a+b. (b) corresponding outcrop in the field of the DAB-fault. The position 
and viewing direction of the photograph is indicated on the satellite image. The image width at its bottom is 2 
meters. (c) satellite image showing a fault (throw 44 m) in the central part of the study area. The fault’s appear-
ance on the image is aided by the incisions into the wadi wall as well as massive calcite blocks and vein bundles. 
Furthermore the fault can be identified by aligned vegetation (in red). This can be compared to the field photo 
in (d). (d) the photo’s position and viewing direction is marked with a red arrow on the satellite image. The scale 
(white bar; an abandoned house) is 8 meters.
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Figure 53: Comparison of the faults mapped in the area by field observation and satellite image interpretation. 
Red lines indicate fault solely found by remote-sensing. Blue fault traces indicate faults that are proven to exist 
in the field either by showing clear offset or a cemented fault gouge but are not identified in the satellite imagery. 
Faults that are identifiable in the field as well on the Quickbird imagery are labeled green.
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Figure 55 (see next page for caption)
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Figure 55:  * (previous page) Features of a fault that appears on satellite imagery but is not a fault. (a) the satel-
lite image clearly suggests a fault line that runs from the relay in the upper left corner in ESE direction. (b) align-
ment of trees and a light color contrast to the adjacent bedrock as well as the impact on the surface morphology 
(wadi wall incisions) indicate a fault. The red arrow illustrates position and view direction of profile photograph 
in (c). The white rectangle shows the approximate position of a map view photograph of this linear feature in 
(d). (c) field photograph showing a profile view in strike direction of the fault (view to ESE). Position is marked 
in (b). The fracture corridor indicated by dashed line is characterized by an alignment of trees as well as by vein 
bundles (d) that are running along. The outcrop does not show any visible vertical or horizontal offset that 
would be evidence for a normal or strike slip fault. (d) the long edge of the photo is parallel to strike direction 
of the vein bundle/fracture corridor; length of scale is ~15 cm. (e) the white rectangle in the magnified section 
of the geological map shows a juxtaposition of the red and yellow unit. At this location a 2m vertical offset was 
measured. This site is ~900m away from the other investigation site shown in (c). The position of the geological 
map is indicated in (a).
Figure 54: Conceptional sketch showing a representative part of a dilatant normal fault in block view. The low 
strain tip zone of the faults is characterized by calcite filled mode I En echelon vein arrays. In map view these 
appear as vein bundles. Towards the center of the fault the throw and the dilatational component increases, ap-
pearing as a calcite-cemented fault core. Fault parallel vein bundles can also be found around the central part, 
where the cemented fault core overprints them. It is hypothesized the vein bundles formed early during fault 
formation. Note: The figure represents a fault in the subsurface; the top plane of the sketch does not represent 
the surface of the dip slope.
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5.6 dIscussIon
5.6.1 Field conditions and map quality
The unique outcrop conditions, which allowed the quality of mapping presented here, are a combina-
tion of a number of factors. Firstly, the dip slope outcrops incised by deep wadis cutting into Member 
3 of Cretaceous Kahmah Group, allowed definition of the eight stratigraphic units for mapping pur-
poses, encompassing 100 m of vertical stratigraphy; these units are easily recognizable across the map-
ping area. The same wadis allow measurement of the fault plane orientations, mapping of fault zones 
(Holland et al. (2009b), Figure 41) and measurement of fault throw. 
Secondly, the full exposure of clean rock eroded sub parallel to bedding allows precise mapping of the 
layer contacts and the fault zones. The bedding dip of around 20 degrees is exceptionally well suited for 
this study because it is easy to access and at the same time is washed by rainfall. These exceptional con-
ditions, in combination with the high resolution Quickbird image, allow producing a satellite-based 
map, which can be verified by direct field observations. The verification includes measurement of fault 
throw in many locations and construction of profiles, which are accurate to within a few meters. This 
method can be extended to the whole southern flank of the Jabal Akhdar anticline. The mapped faults 
might form an interesting dataset that can be used to constrain the faults commonly found in the 
Shuaiba and Natih reservoirs (Filbrandt et al, 2006). 
An interesting and important aspect regarding the surface morphology of this part of the southern 
flank of the Jabal Akhdar anticline is that faults usually do not leave a topographic expression on the 
dip slope (see Figure 51). In the cases where a systematic topographic expression related to faults can 
be observed, it does not reflect the fault kinematics and fault throw but it relates to the weathering 
resistance of the juxtaposed layers and/or fault gouge (Figure 51c). 
The study of Filbrandt et al. (2007) documented several cases where a fault of the same system shows 
a topographic expression on the dip slope that corresponds to the throw of the fault. In these cases it is 
possible to extract the kinematics and throw distribution of the faults from the topography via remote-
sensing. We note that this is not possible for any faults within our study area.
5.6.2 Faults and fault network
The fault map prepared in this study shows good correspondence to the satellite-based fault map of 
Holland et al. (2009b). All faults with a throw above 5 m were identified both in the field and in 
satellite images. However, there are also small but significant differences. Firstly, approximately 20% of 
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the calcite-filled vein arrays interpreted as fault zones in the satellite images do not have throw (com-
pare Figure 55). Secondly, about 30% of faults that were identified in the field contain calcite-filled 
vein arrays, which are not visible on the satellite images (Holland et al., 2009b). 
These observations are interpreted as follows. The majority of the faults in the study area are exposed in 
the more competent carbonate units of the sequence. In these units the faults are commonly dilatant 
and develop the characteristic vein arrays. However, these vein arrays are sometimes too thin to pro-
duce sufficient contrast in the satellite images. Only a small fraction of the faults exposed in the present 
day outcrop are non-dilatant and without vein arrays. This can be seen in some of the excellent wadi 
wall exposures, where the amount of calcite veins in the fault zone clearly varies along the vertical pro-
file. A detailed study of this vertical distribution of dilatant sections is the subject of a follow up study. 
Many faults show a lateral continuation of the characteristic vein arrays beyond the sections where 
there is visible offset. They were interpreted by Holland et al. (2009b) as faults. In our interpreta-
tion, these arrays without visible offset represent the first stage of development of the dilatant sections 
of faults, which start out as network of highly dilatant crack-seal veins (cf. Fig. 18 of Holland et 
al. (2009b)). Similar faults, in highly over-pressured pegmatites, were also described in Schenk et al. 
(2007) and this interpretation is also very similar to the model shown in Figure 35a of Filbrandt et 
al. (2006), and thus could be a general feature of this fault system which formed in a highly overpres-
sured sequence. A sketch of our working hypothesis of this fault structure is shown in Figure 54. The 
network of faults mapped in the area shows a high connectivity such that the mapped rock volume is 
strongly segmented. Accordingly it is not possible to cross the study area from north to south on one 
horizon surface without crossing several faults. 
The fault relays exposed in the area are invariably strongly deformed and contain high concentrations of 
veins. They would be classified as breached relays following the nomenclature of Childs et al. (1995).
The common occurrence of the brecciated veins in the exposed fault zones is interpreted as evidence for 
reactivation of the fault network The reactivation may have occured in a different stress field, possibly 
a later event involving strike-slip movement as suggested for the area by Gomez-Rivas (2011).
The fault orientation data presented in Figure 39 are very accurate. From the two clusters of fault 
orientations the half dihedral angle is normal to bedding and the intersection direction of the average 
of both clusters is horizontal. This argues that the faults formed as a conjugate normal fault set with a 
WNW-strike, both sets dipping about 60 degrees. Later, this horst and graben system was tilted south-
wards together with bedding. As a result some initially steep southward dipping faults with their hang-
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ing wall to the south are now found dipping to the north. However, a few faults with low stratigraphic 
offset appear as reversed faults after the back rotation. Those faults possibly formed as late faults during 
the phase of strike-slip reactivation. A more detailed analysis of pairs of fault orientation data, from 
locations where the faults from both clusters are locally intersecting, shows that the local intersections 
are also horizontal (Figure 39). The analysis of fault plane orientations shows the same conclusion as 
drawn in the work of Al-Wardi and Butler (2007): the faults formed when bedding was horizontal 
and were rotated together with the bedding during the folding of the Jabal Akhdar anticline.
Because of the strong connectivity of the fault network the calculation of throw gradients and length-
throw relationships in the study area is difficult. Nevertheless, the data are consistent with similar 
faults in the area studied by Filbrandt et al. (2007). A full analysis of fault-throw distributions is the 
subject of an ongoing study. 
5.6.3 Veins, microveins and joints 
It is clear from the data presented above that the vast majority of the veins in the area are oriented at 
high angle to bedding, and display a wide range of strike orientations. Exceptions are the en echelon 
vein sets, which are oriented at variable angle to bedding and where present in conjugate sets their 
intersection is plunging.
The damage zones of faults show a much higher vein density than the rest of the study area. However, 
even away from all outcropping faults, a place in the study area where no veins are present within a 
radius of 10 meters can hardly be found. Veins can therefore be regarded as a ubiquitous structure. 
Data of vein overprintings (veins at high angle to bedding) has been plotted in a new type of diagram 
(Figure 47) with strike directions of overprinting veins on the x and y-axis. One can see that veins with 
strike direction between 150° and 155° are overprinted by veins with a large range of strike orienta-
tion. Thus they are interpreted to be the oldest veins. An anticlockwise rotation of horizontal principal 
stresses of at least 290° that caused a subsequent overprinting of existing veins is the simplest explana-
tion, and this is in agreement with all collected data. This result is also in agreement with the study of 
Holland et al. (2009b), who identified an early generation of veins with a strike around 150 degrees, 
overprinted by veins rotating progressively anticlockwise. They also found the amount of rotation to 
exceed 180°. However the oldest generation of veins described by Holland et al. (2009b) is oriented 
N-S but these were not observed in the study area. This interpretation is also consistent with data from 
outcrops where three mutually overprinting vein sets show direct indications of anticlockwise rotation 
of successive generations of veins. However, there are some exceptions and more work is needed to 
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fully test this model. 
An important observation is that veins in the damage zone of faults are part of the overprinting 
sequence: the faults are therefore interpreted to overprint the earliest generations of veins, and are 
overprinted themselves by younger veins. This means that the veins at high angle to bedding outside 
the fault zones can be both older and younger than the faults. This is in disagreement with the inter-
pretation of Holland et al. (2009b), who have interpreted the full set of anticlockwise rotating veins 
to have formed before the bedding parallel shear phases. More detailed work is needed to fully under-
stand the evolution of the veins, focusing on the relationship with the bedding parallel veins and the 
fault veins. This work should take into account that as the rock volume becomes progressively filled 
with veins, the new veins will increasingly interact with old ones (Holland and Urai, 2010).
Another important point is the relationship of veins to microveins and joints. In the entire study area 
microveins parallel to veins and (micro) veins being reactivated by joints commonly observed. A mi-
croscopic study has shown that closely spaced microveins are common in the whole studied limestone 
volume (Meessen, 2011). It is also common to find macroscopic veins reactivating microveins (Fig-
ure 42c, Figure 42d). In agreement with this, the orientation distribution of microveins is the same as 
that of joints as measured in satellite images by Holland et al. (2009b) (Figure 43). Therefore in our 
interpretation the joint network exposed in the area is formed as reactivation of a preexisting anisot-
ropy formed by the microveins. It does not necessarily correspond to the traditional interpretation of 
the orientation of the recent stress field.
In summary, the structural interpretations of this study are largely consistent with previous work by 
Al-Wardi and Butler (2007), Breton et al. (2004), Gomez-Rivas (2011), Hilgers et al. (2006) and 
Holland et al. (2009b). Improvements we can make on previous structural models are in the timing 
of the veins at high angle to bedding versus the faults. The evidence in previous studies on this subject 
was less strong than presented here, but more work is needed to resolve this further. 
5.6.4 Relation to tectonic evolution
The bedding-parallel veins belong to the two bedding-parallel shearing events widely identified in Jabal 
Akhdar: top to SSW directed emplacement of Hawasina and Semail Nappes (Searle, 2007), followed 
by top to NNE shearing related to exhumation and orogenic collapse (Al-Wardi and Butler, 2007; 
Breton et al., 2005; Hilgers et al., 2006). This phase was regional in extent and took place from 
Turonian until Early Maastrichtian (Breton et al., 2005).
139
Chapter 5  Discussion
Normal faulting started after this phase, since bedding parallel veins are offset by the normal faults. As 
shown by the maps of Beurrier et al. (1986) and Holland et al. (2009b), this fault system is present 
in most of the Jabal Akhdar, cutting the sequence from basement to the overriding nappes, including 
the Muti formation. The same fault system was described in the paper by Filbrandt et al. (2006) who 
proposed that it is the “same age and density” as the Campanian faults in the subsurface of Block 6 in 
the Interior of Oman. This corresponds to extensional faulting during the Maastrichtian in NE Oman 
as analyzed by Fournier et al. (2006) and in Abu Dhabi (Johnson et al., 2006). A possible explana-
tion is the subsequent shift of the Mutih-Fiqa trench southward onto the Arabian Plate as proposed 
by Robertson (1987). While the deposition of Fiqa in Block 6 was still active (cf. Filbrandt et al. 
(2006)), the autochthonous limestones of Jabal Akhdar had already been overridden by the nappes. 
We favor this interpretation but note that the evidence to support this correspondence is not very 
strong, and these faults could also correspond to those of Phase 2a of Fournier et al. (2006) and be 
much younger (post-Eocene). 
 Alternatively, the reactivations of the normal faults and the post-fault veins could correspond to Phase 
2a and Phase 3 of Fournier et al. (2006) or to the strike slip phases #5 and #7 that were postulated 
by Gomez-Rivas et al. (2014).
Finally, the folding of the fault system during the creation of the Jabal Akhdar anticline is interpreted 
to correspond to the Miocene-Pliocene compressional event seen in many studies (Fournier et al., 
2006; Poupeau et al., 1998).
5.6.5 Relationship to faults and fractures in subsurface reservoirs of North Oman
The porosity in the limestone reservoirs in North Oman ranges between 10% and 30% and high 
fluid overpressures were absent during structural evolution (Wagner et al., 1990). In contrast, the 
rocks studied here were deformed at much greater depths, at significantly higher temperatures, lower 
porosities and under high fluid overpressures. These conditions were probably related to pore collapse 
and under-compaction during the obduction of Hawasina and Semail Nappes. These conditions are 
more favorable for crack-seal processes, although interestingly the Brittleness Index in both systems 
may have been comparable (van Gent et al., 2010b). Thus the direct application of this study’s result 
to the reservoirs in the foreland needs to be investigated and depends on the target reservoir. On the 
other hand, as already noted by Filbrandt et al. (2006), the rocks studied in this project can provide a 
world-class analog of structures in the subsurface and the detailed study provided here can be extended 
to a much larger area.
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5.7 conclusIons
The full exposure of clean rock incised by deep wadis provides the basis for an exceptionally accurate 
map, based on direct field observations without interpolated areas. Ground truthing of the satellite-
based interpretations of structural elements shows that faults can be mapped with high confidence 
using remote-sensing data. The mapping extends far into the subseismic range, to throws down to a 
few dm with this quality of data and under such exceptional outcropping conditions. 
The interpretation of Holland et al. (2009b) lineaments in satellite images being cemented fractures 
needs to be corrected: the majority of the lineaments are open fractures (which may be reactivated 
veins).
The prominent set of conjugate E-W striking faults with throws from several centimeters to hundreds 
of meters are commonly dilatant and contain bundles of coarse-grained calcite veins, which may be 
brecciated during reactivation. Another important feature is formed by several sets of calcite veins with 
minor offset and at high angle to bedding, sometimes in en echelon sets, and, less prominently, bed-
ding parallel calcite filled shear veins with a NNE-SSW trending striation.
A recent joint system is present in most units; joints can often be shown to be reactivated microveins. 
We hypothesize that the present day joint system is strongly controlled by the presence of a pervasive 
anisotropy formed by microveins and it may not reflect the present day stress field in a simple manner.
Analysis of clear overprinting relationships between veins at high angle to bedding is consistent with 
the interpretations of Holland et al. (2009b), we interpret the anticlockwise rotation of strike orien-
tation to include the fault-related veins.
The normal faults post-date the bedding-parallel shear veins in the study area, but data are not suf-
ficient to allow differentiation of the two generations (top to the SW followed by top to the N-NE) 
recognized by previous authors. This clearly places the age of these faults after the overthrust of the 
Semail and Hawasina Nappes. Based on the orientation statistics and throw data we interpret these 
faults to have formed as a conjugate normal- to oblique fault set, which was rotated together with 
bedding during the folding of the Jabal Akhdar anticline. This, together with the similar orientations, 
is consistent with (but no proof for) the interpretation that these faults are of the same age as the re-
gionally developed, normal to oblique-slip faults mapped in the subsurface of North Oman and UAE, 
which evolved during the early deposition of the Fiqa Formation in the Campanian. The correlation 
of normal faults with the Oligocene age extension as proposed by Fournier et al. (2006) is discussed, 
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placing the folding of the Jabal Akhdar anticline in the Early Miocene-Pliocene.
The faults in the study area formed at much greater depth and fluid pressures, so that direct use of 
these structures as analogues for fault and fracture systems in subsurface reservoirs in Oman should be 
done with care.
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6. structurAl PhAses And veIn PAttern vArIAbIlIty on the southern 
sloPe of JAbAl AkhdAr, omAn
The following chapter presents the results of a structural field study in the Oman Mountains. The data pre-
sented here was collected during several field campaigns in the area between 2010 and 2012 in collabora-
tion with Max Arndt, who focussed in his work mainly on microstructural aspects of the vein system (Arndt, 
submitted) He contributed to this study during the fieldwork and processing of the field data and in many 
fruitful discussions. This chapter contains photographs taken in the field by the author as well as Max Arndt 
and Janos Urai.
6.1 IntroductIon
In this work we aim to contribute to the ongoing research on vein, fracture and fault systems in the au-
tochtonous carbonates of the Jabal Akhdar in the Oman Mountains (Hilgers et al., 2006; Holland 
et al., 2009a; Holland et al., 2009b; Holland and Urai, 2010; Arndt et al., 2014; Gomez-Rivas et 
al., 2014) by providing a useable classification of the brittle deformation structures that can be found 
in the field. Each structural phase is carefully constrained from field data by a multitude of well docu-
mented relative age observations and orientation analysis in multiple outcrops. Particular attention is 
given on the specific lateral and stratigraphic variation of the different phases, which are in addition 
to different interaction styles of subsequent vein generations the main mechanism to produce the high 
variability in vein patterns that can be found across the Jabal Akhdar. We present several mechanisms 
that have the potential to produce this stratigraphic and spatial variability of structures and discuss 
their implications on the evolution of this highly dynamic high pressure cell. Finally, we present poten-
tial resolutions for the “microvein dilemma” which is the at first glance contradictory observation that 
evidence for the crack-seal mechanism (e.g. Ramsay, 1980) and the crack-jump mechanism (Caputo 
and Hancock, 1999) coexist in the rocks, although they indicate fundamentally different properties 
of the vein-host rock mechanical system.
6.1.1 Geological setting
The study area is located in the Oman Mountains, a part of the Alpine-Himalayan chain, at the south-
ern slope of the Jabal Akhdar dome (Figure 56). The Jabal Akhdar dome forms an anticlinal culmi-
nation in the central part of the Oman Mountains with an approximate wavelength of 60 km and a 
WNW-ESE extension of 90 km along its major fold axis. It is one of two main tectonic windows in 
the Oman Mountains besides the Saih Hatat culmination and provides excellent outcrop conditions 
due to sparse vegetation, a dip-slope surface topography and deeply incised wadis.
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The studied rocks belong to the Cretaceous Wasia and Aruma Group (Clarke, 1988) which is the up-
permost part of the Hajar Supergroup, a ~2500m thick succession of deepwater facies to open marine 
and carbonate platform sediments that were deposited at the passive Neo-Tethyan margin from Per-
mian to Late Cretaceous times (van Buchem et al., 2002). The Hajar Supergroup, or so called Autoch-
thon B, is one of four major tectono-stratigraphic groups of the central Oman Mountains (Figure 57). 
It unconformably overlies the Proterozoic-Ordovician crystalline basement and volcano-sedimentary 
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Figure 56: Landsat satellite image of the study area on the southern flank of the Jabal Akhdar anticline with an 
overview of the outcrops analyzed for this study. The names of the outcrops do only partially relate to official 
locality names. All outcrops are situated either within incised wadi or on the dip slope of Jabal Shams within 
carbonates of Autochton B (dark grey rocks).
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rocks of the Autochthon A (Beurrier et al., 1986; Le Métour, 1987; Roger et al., 1991). Both au-
tochthonous groups were overridden by the allochthonous nappes of the Hawasina thrust sheet and 
Semail ophiolites during the Late Cretaceous (Glennie et al., 1973; Boudier et al., 1985; Searle, 
1985; Beurrier et al., 1986; Béchennec et al., 1988; Breton et al., 2004; Searle, 2007). The Ha-
wasina complex is time-equivalent to Autochthon B and incorporates deep sea volcano-sedimentary 
rocks and shallow water carbonate bodies known as the Oman Exotics (Pillevuit et al., 1997; Ber-
necker, 2007) (Pillevuit et al., 1997; Bernecker, 2007). The Semail Ophiolite consists of oceanic 
crust and mantle from the former Neo-Tethyan ocean floor (e.g. Beurrier et al., 1989).
The orogenesis of the Oman Mountains started with NE directed subduction of the Arabian plate un-
der the Eurasian plate in the Cenomenian (Searle and Malpas, 1980; Pearce et al., 1981; Lippard, 
1983; Warren et al., 2003; Breton et al., 2004; Searle, 2007). The moving peripheral bulge of the 
subduction Zone first lead to subaeric exposure and erosion of the Wasia Group, creating a hiatus 
known as the Wasia-Aruma break. The erosion was followed by syntectonic deposition of the Aruma 
Group in the foredeep basin as the subduction progressed southward (Robertson, 1987). The Aruma 
group and the rest of the autochthonous units were then overridden by the Hawasina and Semail 
Ophiolite Nappes. The obduction came to halt in the early Campanian, as convergence progressed at 
the Makran subduction zone in the North (Glennie et al., 1990).
The metamorphic facies in the Oman Mountains increases towards the Northeast as a result of the 
increasing subduction depth. It ranges from Anchizone facies in the area of Jabal Shams to blueshist 
and eclogite facies in the Saih Hatat culmination (Miller et al., 1998; Warren et al., 2003; Breton 
et al., 2004; Searle, 2004). Solid bitumen reflectance measurements constrain the peak burial tem-
perature of the top of the Wasia group (Natih formation) in the study area to less than 240° C (Fink 
et al., submitted)
Obduction was followed by a phase of exhumation and uplift (Breton et al., 2004; Filbrandt et al., 
2006) as well as several phases of extension and compression. The deformation phases are linked to 
various main tectonic events affecting the Arabian Plate such as the oblique collision with the Indian 
plate in the East during the Maastrichtian (Beurrier, 1987; Schreurs and Immenhauser, 1999), 
the opening of the Red Sea and Gulf of Aden in the South (Platel and Roger, 1989; Lepvrier et al., 
2002; Fournier et al., 2006) as well as collision with the Eurasian Plate in the Zagros Region begin-
ning in the Oligocene (Ricateau and Riché, 1980; Searle et al., 1983; Searle, 1988; Boote et al., 
1990; Kusky et al., 2005; Fournier et al., 2006). 
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Figure 57: Simplified geological map and 
stratigraphic profile of the study area (modi-
fied after Beurrier et al., 1986). Most out-
crops are situated in the upper cretaceous 
Natih Formation (Ws 2), partly very close to 
the Wasia-Aruma break. Outcrop 11 and 25 
are within the Nahr Umr Formation (Ws1). 
Only outcrop 23 is situated in deeper stratig-
raphy (lower cretaceous Kahmah Group) that 
is exposed inside Wadi Nakhr.
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The doming of the Jabal Akhdar anticline is widely recognized as a very recent event in the structural 
history of the Oman Mountains and dated by several authors to the late Cretaceous (e.g. Bernoulli 
et al., 1990; Hanna, 1990) or Tertiary (Poupeau et al., 1998; Gray et al., 2000; Glennie, 2005; 
Fournier et al., 2006) or as two phase culmination that has developed during both times (Searle, 
1985; Searle, 2007).
Many aspects of the geodynamic evolution of the Oman Mountains such as the configuration of the 
involved microplates and number of subduction zones, the sequence of deformation phases and the 
timing of uplift and folding are still under debate (Warren et al., 2003; Breton et al., 2004; Searle, 
2004; Searle, 2004; Glennie, 2005; Al-Wardi and Butler, 2007; Holland et al., 2009b; Gomez-
Rivas et al., 2014).
6.1.2 Previous studies on veins in the Jabal Akhdar
The complex deformation history of the Autochthon B in the area around Jabal Shams is preserved in 
the rocks mainly as brittle structures like crack-seal veins and faults as well as dissolution cleavage and 
stylolites. It is commonly received that during most phases of deformation the fluid pressure inside 
those units was close to lithostatic what makes the Autochton B rocks a stunningly well exposed exam-
ple of a crustal scale, very dynamic high-pressure cell (Hilgers et al., 2006; Holland et al., 2009a; 
Holland et al., 2009b; Holland and Urai, 2010; Virgo et al., 2013b; Arndt et al., 2014; Gomez-
Rivas et al., 2014).
An overview on the vein inventory of the area was given by Hilgers et al. (2006), distinguishing 7 
types of veins (#1 to #7): #1 is constrained to steep teeth of burial stylolites and has formed contempo-
rary with WNW-ESE to NW-SE bedding confined veins of #2. These are followed by veins in cleaved 
marly layers in the Autochthon B that show pinch-and-swell structures as a response to top-to-NE 
bedding parallel shearing (#3). Another type of veins related to this shearing event is found on bedding 
planes where slip has localized and allowed precipitation in dilatant jogs (#4). Veins of #5 and #6 are 
associated to normal faults and form in dilatant jogs along slip planes (#6) and as conjugated en ech-
elon sets (#5). The last generation of veins (#7) according to the nomenclature of Hilgers et al. (2006) 
can be found on small thrust planes and associated folds at the northern limb of the Jabal Akhdar 
dome. They are interpreted to be a result of doming in the tertiary, the most recent geodynamic event 
in the tectonic history of the Oman Mountains. Hilgers et al. (2006) supplemented their classifica-
tion with stable isotope analysis of the vein generations and found that generations #2-#5 have formed 
in an isotopically rock buffered system that was opened for infiltration and exchange with more distal 
fluids during the subsequent phase of normal faulting.
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Arndt et al. (2014) further investigated the dynamics and length scales of fluid flow in a structural 
and isotopic study of a dense crack-seal calcite vein mesh at top of the Natih Formation on the western 
Flank of Jabal Shams. The exposed bedding confined vein mesh showed a host rock-buffered stable 
isotope composition indicating episodic, fracture controlled fluid flow parallel to bedding on a scale 
of tens to hundreds of meters. A distinct excursion to lower carbon values within the mesh veins was 
attributed to mixing of vein forming fluids with low δ13C-CO2 derived by thermal decomposition of 
detrital organic matter in the immediate host rock. The bedding confined vein mesh was overprinted 
by a small scale, calcite-filled normal fault. The oxygen isotopy of the fault calcite indicates that vein 
forming fluids equilibrated with limestone host rocks several tens of meters deeper in the stratigraphy. 
A study by Holland et al. (2009a; 2009b) explored the structural inventory on the southern limb of 
the Jabal Akhdar by means of field observation and remote-sensing. The authors identified four major 
phases of brittle deformation in the area: The oldest set consists of veins at high angle to bedding with 
various strike directions. Overprinting relationships of the veins indicate an anticlockwise rotation of 
the horizontal stress field during this structural phase. Bedding parallel shear veins with a top-to-NNE 
displacement were found to overprint the bedding normal veins. 
A large scale fault system postdates the bedding normal and bedding parallel veins. The fault set con-
sist of E-W to NW-SE striking conjugated normal faults with throws up to 700 m that partly show 
evidence for strike-slip reactivation. 
The most recent brittle structures in the area are uncemented joint sets of various orientation that are 
interpreted to have formed during uplift and doming of the Jabal Akhdar anticline.
This work was followed up by a structural study by Virgo et al. (2013), providing a high-resolution 
structural map and extensive ground truthing for the satellite image interpretation. The authors con-
cluded that several sets of veins have formed after the phase of normal faulting. It was furthermore re-
vealed that mappable lineaments on the satellite image are mostly open joints that normally reactivate 
preexisting microveins. 
A further update on the tectonic history of the Jabal Akhdar dome was given by Gomez-Rivaz et 
al. (2014). The authors identified three phases of strike-slip deformation in the autochtonous rocks 
after the phase of normal faulting. The strike-slip events are evident as faults, strike-slip reactivation 
of normal and oblique faults as well as conjugated sets of en echelon vein arrays with crack-seal struc-
tures. The principal axis of compression rotated anticlockwise between the events from NW-SE to 
E-W and NE-SW. Gomez-Rivaz et al. (2014) point out that the fluid pressure in the autochtonous 
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rocks must have remained supralithostatic during strike-slip deformation to allow for the mode-I and 
hybrid opening modes of the veins. A decrease of the acute angle between conjugated vein arrays with 
rising stratigraphic position in the sequence and an increase in vein density towards the upper Natih 
formation supports the hypothesis that the semi-autochtonous Muti formation acted as seal of the 
high pressure cell. 
The phase of normal faults in the central Oman Mountains was correlated by several Authors (Hilgers 
et al., 2006; Virgo et al., 2013b) to a regional set of normal and oblique slip faults in the subsurface 
of Northern Oman (Filbrandt et al., 2006) and post-nappe sediments of the Oman Mountains 
(Fournier et al., 2006) dated to the early Campanian. Gomez-Rivaz et al. (2014) also discussed the 
correlation of the late strike-slip events with structures of similar kinematic in the subsurface of Abu 
Dhabi (Marzouk and Sattar, 1995) and Northern Oman (Filbrandt et al., 2006) as well as in the 
Neoautochtonous cover (Fournier et al., 2006).
They constrain the timing of NW-SE and E-W compression in the Jabal Akhdar to late Oligocene. The 
latest NNE-SSW to N-S compressional event is inferred to have formed in late Miocene to Pliocene 
and might be associated with the onset of doming in the Oman Mountains (Gray et al., 2000; Glen-
nie, 2005). 
6.2 methods
The data presented in this study was collected during various field campaigns between spring 2010 
and winter 2012. The field area provides excellent outcrop conditions in the deep wadis as well as on 
the surface where the gently dipping slope and the dry climate prevent soil formation and vegetational 
cover.
Although veins can be found virtually anywhere in the field area, we focused on outcrops with an 
elevated vein density that allow a time-efficient collection of vein orientation and age relationship 
data over a limited area. Ideally outcrops should also comprise some vertical topography to facilitate 
orientation measurements and to allow observation in section and across bedding planes. 
A very important prerequisite to reconstruct the structural evolution of the area is a good constraint 
on the chronological order of deformation events. We used more than 1000 overprinting relationships 
of veins and faults from different generations and in various outcrops to establish the relative order of 
events in the entire field area. Age relationships between veins can be established where veins crosscut 
or interact with each other. The relative age of two crosscutting veins is often obvious by the offset of 
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the older vein across the younger one. An offset can occur when the younger vein has a hybrid opening 
mode but also for pure mode-I veins that intersect at a non-orthogonal angle (Figure 58).
If crosscutting veins show no discernible offset, the color and texture of the vein cement can be used 
to identify which of the veins is the younger one. However, this method is prone to error: A fracture 
crosscutting the cement of a preexisting vein is often healed by epitaxial growth of the fractured ce-
ment crystals. This makes the preexisting vein appear continuous across the intersection and may lead 
to the misconception that it is the younger structure in this case (Arndt, submitted; Holland et al., 
2009b).
Differential color of the vein cements can also help to identify the continuous (and therefore younger) 
vein. However this criterion should also be used with caution since the color of some veins is not pri-
mary but can be the result of later staining e.g. associated with stylolites (compare Figure 69d).
Besides crosscutting, deflection is the other vein interaction mechanism that can be used to identify 
the age relationship between intersecting veins. At deflection the younger vein snaps to the plane of 
the preexisting vein and follows its orientation over some distance before resuming propagation in the 
host rock. The aperture of the preexisting vein is increased over the distance of deflection (stacked vein) 
(Virgo et al., 2013). A deflected vein can sometimes easily been mistaken for a sheared preexisting 
vein, so it is critical for the correct interpretation of the relative age to distinguish between deflection 
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Figure 58: The relative age of veins can be deduced at their intersection. The general rule is that the undivided 
vein that can be continuously followed over the intersection is always the younger one. In outcrop the identi-
fication of the continuous vein is not always easy. If the vein intersect by crosscutting (a and b) the displaced 
vein is the older vein. (a) displacement along mode-I veins is only visible when the veins intersect in a non 
orthogonal angle. (b) for hybrid and shear veins the displacement is usually obvious at all structures the vein 
intersects. (c) if the strength contrast between host rock and vein is high, the younger vein gets deflected at the 
preexisting vein and follows the preexisting vein over a variable distance. It is crucial for a correct interpretation 
of age relationships that an offset by deflection is not confused with an offset by intersection. Deflection can 
often be recognized by an increase in vein thickness along the deflected segment and by inconsistent apparent 
offsets along a vein. 
a b c
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and crosscutting. The ambiguity can be solved by identifying stacked vein segments and check other 
vein interactions along the vein for consistency in offset. Often multiple observations on each site are 
necessary to determine the relative age between 2 vein sets with high confidence. Other types of inter-
action between veins are possible (e.g. Abutting, step-overs, and bifurcation) but they either did not 
occur in the field area or do not provide a suitable age relationship criterion. 
The various fault and vein sets were later assigned to structural phases. A structural phase can consist 
of more than one set of veins or faults. To be part of the same phase all structures must 1. consistently 
show the same age relationship towards other structures and 2. have plausibly formed in the same 
regional stress field within a given range of local variability. An exception of this second rule is phase I 
which assorts some vein sets that have consistent age relationship with other phases but do not repre-
sent the same regional stress field. 
It is not always easy or straightforward to decide whether a vein found in the field with an alien ori-
entation represents a new phase in the structural history or is simply the effect of a local perturbation 
of the stress field. A useful classification scheme therefore requires many observations in multiple 
outcrops and consistency checks of the relative age against other structures. We did not begin with the 
definition of phases until the fieldwork was finalized to reduce the risk of a confirmation bias during 
data collection.
An existing remote-sensing dataset by Holland et al. (2009a) was used to observe the distribution 
and variability of vein/fracture sets on a larger scale. The dataset consists of more than 145.000 line-
aments that were manually interpreted from a 0,7 meter resolution Quickbird scene over an area 
of 31 km2 on the southern slope of Jabal Shams. The interpreted lineaments represent in most cases 
weathered joints that reactivate microveins (Virgo et al, 2013). Therefore the lineation can be used as 
a proxy for vein orientations. The dataset was filtered based on the strike direction of the lineaments 
to isolate and observe each vein set separately.
6.3 results
Structural phases
Veins and other brittle structures in the field were classified into seven structural phases that are well 
constrainable in relative age based on multiple age relationship observations per set in various out-
crops. Structural phases that could not be satisfactorily set into a temporal context due to a lack of 
unambiguous intersection relationships are classified into early and late structures respectively. Figure 
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60 provides an overview of the vein generations and age relationships found in this study arranged by 
outcrops. In Figure 74 - Figure 81 we illustrate the structural evolutition of the study area in a series of 
block diagrams. In the following we provide a description of each structural phase and the associated 
structures. 
6.3.1 Phase I: Early vein sets
Phase I veins are among the earliest postdiagenetic structures found in the rocks of the Jabal Akhdar. 
All three different sets (I-a, I-b and I-c) are consistently older than Phase II structures (Figure 75). The 
occurrence of each vein set is either spatially or stratigraphically very confined, so it was not possible to 
establish an age relationship between the three different vein types within phase I since they were never 
found to interact with each other in the field. The temporal order of events within phase I therefore 
stay ambiguous. 
I-a: Low-angle mode-I veins
Veins of I-a (Figure 59) can be found in the uppermost layers of the Natih formation, only few meters 
below the discordant surface of the Wasia–Aruma break. They consist of bedding parallel or low an-
gle dipping veins with straight walls and variable thicknesses between 3mm and 10cm. The aperture/
length ratio of the veins could not be determined in the field but the length of each vein exceeds several 
meters and is more likely to be in the range of tens of meters. Veins often terminate in tip splays and 
en echelons. In some cases veins were found interacting with their neighbors by interconnection and 
deflection. The veins are usually filled with white blocky calcite. Host rock inclusions and tip splays in-
dicate that each vein is the result of multiple crack-seal events. In many cases the vein calcite is stained 
with a black substance, presumably solid bitumen, that makes the vein appear dark grey.
In contrast to the bedding parallel shear veins described in a later chapter, as well as in other studies 
(Hilgers et al., 2006; Holland et al., 2009b; Virgo et al., 2013b; Gomez-Rivas et al., 2014), the 
veins of I-a do not occur at bedding planes but within homogeneous layers. It is not rare that several 
subparallel I-a veins occur within a single layer of less than 2 meter thickness. Another important 
difference is that I-a veins never show any sign of slip related microstructure or indicators for shear 
displacement across the vein. 
It can be concluded that the bedding parallel veins of phase I-a have formed under subvertical minimal 
principal stress and supralithostatic fluid pressure.
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Figure 59: (a) outcrops of I-a bedding parallel veins are often situated close to the Wasia-Aruma Break. The 
veins form inside beds, sometimes with multiple parallel veins in a single bed. They furthermore never show 
any signs of shear related microstructure (slope above swimming pool pavement, view to Northeast. Geologists 
for scale). (b) profile view on a bed with several subparallel I-a veins. Some of the veins show tip-splays and 
en echelon segmentation as well as host rock inclusions in the vein cement (view to Northwest). (c) view on a 
several cm thick weathered out I-a vein filled with blocky calcite stained with presumably solid bitumen. The 
I-a vein is crosscut by veins of phase II and III, partly filled with fibrous quartz crystals. (d) foliation boudinage 
of multiple phase I-a veins in profile view (pen for scale). The necks are filled with calcite and quartz and strike 
parallel to phase III veins. The boudinaged veins are overprinted by multiple en echelon vein sets belonging to 
phase IV (view to Southeast). 
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I-b: Bitumen veins
Bitumen impregnated veins normal to bedding (phase I-b) (Figure 61) were exclusively encountered in 
the Natih A formation in the area between the Ghul Pavement and the Al-Raheba Pavement (compare: 
Fink et al., submitted). The veins all strike NW-SE and occur either as solitary veins with a length of 
up to 5m or as en echelon arrays with approximately 1m long segments. En echelon sets often emerge 
from long, solitary veins. In these cases the orientation of the array matches the orientation of the long 
vein. The aperture of the bitumen impregnated veins usually varies along strike between 1cm and 5cm. 
Individual veins were found to extend over bedding planes where they are usually crosscut by bedding 
parallel stylolites.
A sinistral shear sense can be identified along some of the veins by displacement of nodular chert con-
cretions or sigmoidal tension gashes. Also the vast majority of en echelon sets show a sinistral sense of 
shear. Dextral sets are very rare and where they occur they are not visibly conjugated to a sinistral set. 
I-b veins show a blocky microstructure consisting of coarse calcite. The black staining by bitumen 
impregnation can be heterogeneous on the scale of the vein as well as in an individual calcite crystal 
where it aligns with crystal lattice orientations. Numerous host rock inclusions in the cement as well 
as well as splays along the vein and at the vein tips indicate that each I-b vein is the result of multiple 
crack-seal cycles. 
Veins of this generation are often reactivated by non-impregnated younger veins of various orienta-
tions, mainly along the median of the black impregnated veins.
I-c: N-S strike-slip set
An early vein set that indicates an N-S oriented bedding parallel compression was encountered only in 
a single location within the study area, which is the lower vein hosting bed of the Al-Raheba pavement 
(see Virgo and Arndt, 2010; Arndt et al., 2014). The set consists of conjugated en echelon veins 
Figure 60: (previous pages) Overview on the structural data gathered in this study organized in columns by 
outcrop and in rows by relative age. For all structures that line up in a column, a robust age relationship was 
determined in the field. Multiple stereonets outlined in one box mean that the structures show an identical age 
relationship to other structures of the outcrop and are therefore contemporary. Veins are depicted as black great 
circles, Faults are red and measured fault lineations are included as black dots. Greatcircles of veins that are part 
of a sinistral en echelon set or sinistral shear veins are orange, the dextral counterparts are depicted in green. 
Dashed great circles show the orientation of the corresponding array. Stylolites are brown. Where 3-D orienta-
tions are unavailable the strike directions are drawn in rose diagrams. The purple great circles in location 11 
(Cuesta Mandaa) indicate pinch and swell veins in the sheared layer that are backrotated to their initial position. 
*1: Data assembled from Virgo and Arndt, 2010. 
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with segments around 10cm long an up to 2cm thick filled with blocky, yellowish calcite. The extend 
of vein arrays in the outcrop is very limited (<1m length) and an intersection of two conjugated sets 
was not encountered. 
One layer above (in the upper vein hosting bed of the Al-Raheba pavement) the conjugated set is not 
apparent anymore. However the strike direction of the oldest and most prevailing vein set (interpreted 
as Phase III) in this bed matches precisely with the strike of the sinistral en echelon array as well as the 
dextral en echelon wings of I-c. This correlation strongly suggests that I-c belongs to Phase III.
10
 c
m
a
b
c
II
 
Figure 61: (a) bitumen impregnated I-b en echelon vein set crosscut by a phase II vein cluster. In each outcrop 
that contains bitumen impregnated veins, they represent the oldest deformation structure.(b) sigmoidal tension 
gashes filled with bitumen rich calcite. For most cases where bitumen impregnated veins exhibit a shear marker 
it indicates a sinistral shear sense. (c) I-b vein with multiple vein reactivations along the vein median, presum-
ably by phase III veins.
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6.3.2 Phase II: N-S high aperture veins and vein clusters
The veins of phase II occur sometimes as solitary veins but more often as ~1 m wide vein clusters 
with multiple subparallel veins (Figure 62). They are stratigraphically confined (but not always to a 
single bed) and often show a spacing in the order of 10 meters, however the spacing is usually incon-
sistent over a larger distance (Figure 76). Individual veins of the bundle have a high aperture (often 
larger than 5cm) and reach a length of several tens of meters. The veins often bifurcate vertically into 
multiple veins of similar strike direction. In most outcrops these sets strike N-S and individual veins 
dip steeply to the West relative to bedding. Vein cement consists of blocky calcite and occasionally 
contains cm sized host rock inclusions. The veins are often associated with subparallel solution seams 
that give the vein calcite a yellowish staining. Veins of Phase II can be found in layers that also contain 
bedding confined veins of phase III. These veins however show a different spacing, geometry and tex-
ture than phase II veins.
6.3.3 Phase III: Bedding confined NW-SE veins
Phase III includes structures that have formed in horizontal extension under vertical σ1. The horizon-
tal extension direction varied during this phase between ENE-WSW and NE-SW as documented by 
crosscutting relationships and systematic reactivation of veins. Sinistral reactivation that indicates an 
anticlockwise rotation is the most prevalent but also dextral reactivation can be observed in few out-
crops. Phase II structures occur ubiquitously in the study area and their orientation is laterally very 
stable but seems to vary slightly between beds. Most outcrops are situated in the Natih formation but 
the phase is evident on all stratigraphic levels of the Hajar Supergroup. The appearance of the veins has 
a strong layer dependency (Figure 77). Its various forms are described below (III-a to III-e).
III-a: Regular bedding confined veins
Veins of III-a (Figure 63) are confined to massive limestone beds where they organize in a very stable 
set of parallel veins normal to bedding with a spacing ranging from 50 cm to 2 m. Spacing and geom-
etry of the veins are very stable throughout a bed but vary between beds. The orientation of this set 
is generally very stable all over the field area. III-a Vein sets were never found in two directly adjacent 
layers: the vein hosting beds are always separated by at least one layer that does not contain any regular 
spaced veins. Vein aperture is usually less than 1cm at a length of several meters. In some beds these 
veins are much shorter (<1 m) and exhibit a much higher aperture to length ratio. In these cases the 
parallel veins can often be found organized as unsystematic en echelons. The vertical dimension of the 
veins is always limited by the bed thickness, which is usually in the order of 1 m.
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III-a veins are in most beds filled with blocky calcite and regularly contain host rock inclusions. In 
cases where III-a vein sets are affected by III-b reactivation the veins can show sigmoidal fibers (Arndt, 
submitted). The reactivation also often results in sinistral en echelon termination of III-a veins.
III-b: Reactivation of III-a veins
Category III-b (Figure 63 b and c) comprises bedding normal veins and reactivation structures found 
associated to III-a vein sets. It postdates the III-a veins and marks a rotation of the horizontal exten-
sion direction during phase III. In most of the cases the structures have a sinistral sense, indicating an 
anticlockwise rotation. Dextral reactivation structures are rare but exist in the field area. 
30 cm
a b
c
IV
5 m
III-aVI
Figure 62: (a) phase II vein bundle crosscut and displaced by Veins of Phase IV and VI. The veins of the bun-
dle can exceed apertures of 10 cm and can reach length of several tens of meters. Phase II veins often bifurcate 
in vertical direction. (b) oblique view on the upper gorge pavement that exhibit a set of phase II vein clusters 
overprinted by (mostly) phase IV fault related veins. The clusters show a spacing of approximately 3m and are 
stratigraphically confined to a few adjacent beds. (c) phase II vein partly reactivated by veins of phase III. The 
brownish color often observed in phase II veins is usually associated to stylolites.
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50 cm
a
b c
Figure 63: (a) III-a veins appear in equally spaced bedding con-
fined sets that are laterally very stable (Wadi Ghul pavement, view 
to NNE). The III-a veins in this outcrop locally reactivate preex-
isting phase II veins that are also stratigraphically confined but of-
ten span over several beds. (b) overview picture of the swimming 
pool pavement (see: Wüstefeld, 2010) Bedding confined veins 
of phase III are the dominant set in this outcrop. Besides III-a 
veins, the sinistral reactivation (III-b) found associated to many 
veins of this phase is very strongly developed. The pavement and 
the over and underlying stratigraphy is cut in the East by a strike-
slip fault and conjugated shear veins of phase VI. (c) III-b re-
activation of the III-a veins on the swimming pool pavement is 
visible in sinistral wings/tip splays along the vein and a sinistral 
fibrous microstructure along the reactivated segments. Further-
more the III- a veins regularly terminate in sinistral sigmoidal en 
echelons, mainly in the argillaceous beds at the top and bottom 
(fieldbook for scale, view to NE).
5 m
III-a
II
III-a
III-b
III
VI
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III-b reactivation of III-a veins is regularly encountered in the form of veinlet splays and stacked veins 
(compare Virgo et al., 2013a) as well as en echelon termination of III-a veins in both horizontal and 
vertical direction. All of these structures indicate that III-b veins preferentially nucleated along the 
preexisting veins. III-b veins usually have a geometry and microstructure similar to the local III-a veins. 
The two sets interact in most cases by deflection (Virgo et al., 2013a) and in rare cases by crosscutting. 
The intersection angle between the sets usually varies between 10° and 30°. However the angle can lo-
cally be much higher in cases where III-b veins connect two preexisting III-a veins (compare Virgo et 
al., 2014). 
III-c: Microveins
Veins with an aperture less than 1mm are referred to as microveins or alternatively veinlets or hairline 
veins. They outnumber by far any other vein type in the study area. Microveins have a low aperture/
length ratio and not seldom reach lengths >5 m. They are filled with blocky calcite and lack any crack-
seal indicators. Microveins are usually not easy to spot in outcrop because of their low aperture and 
poor color contrast to the host rock. Preferential weathering often helps by highlighting microveins at 
exposed surfaces. 
The formation of microveins is not limited to phase III but is rather a universal manifestation in all 
phases of veining. However, microveins that match phase III in orientation as well as relative age are 
the most prevalent microvein set in the autochtonous rocks of the Jabal Akhdar (Meessen, 2011; 
Virgo et al., 2013b) and therefore included as an explicit subset of phase III structures. 
Just as the other Phase III veins, microvein occurrence is strongly layer dependent. They appear in 
clusters with variable densities parallel to existing veins in all vein hosting beds but can also be found 
in marly intermitted layers where other phase III veins are absent. The microvein density in these layers 
is generally much lower than in the massive limestone beds.
III-d: Boudinaged concretions, boudinaged I-a veins
The bedding parallel extension of phase III is not only visible as veins confined to certain beds but 
can also localize on a smaller scale in rigid inclusions in the host rock (Figure 64). These inclusions 
can either be large bioclasts such as rudist fragments, nodular chert concretions or preexisting veins of 
phase I-a.
The necks between the boudins are filled either with blocky calcite or with a combination of calcite and 
quartz that often exhibits a fibrous microstructure (Figure 59 c).
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The neck veins often extend for a short distance from the rigid inclusion into the host rock. Spacing 
and thickness of the veins varies with the thickness of the inclusion: the smallest spacing is in the range 
of a few millimeters at a vein aperture of less than one cm. The largest veins and spacing encountered 
was found in a pinch-and-swell foliation boudinage of two subparallel I-a veins parallel to bedding: the 
spacing here is in the order of 50 cm with neck veins exceeding apertures of 10 cm.
a b
c d
III-a
VI
V
III-d 
Figure 64: Phase III veins are the spatially most ubiquitous set in the study area. Even in layers that do not con-
tain II-a bedding confined veins it is often present as neck veins in boudinaged fossils, chert concretions (a), and 
bedding parallel I-a veins (see also Figure 59 d).(b) in some cases also the orientation of the local III-b reactiva-
tion veins can be present.(c) remnants of a black impregnated I-a vein boudinaged during phase III. (d) veins in 
chert concretions parallel to III-a veins. Phase III veins are postdated in this outcrop by an isolated phase V vein 
and several phase VI veins. (Compass for scale in all pictures, red needle indicates North)
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The strike of boudinage veins is always in agreement with the local III-a vein orientation given that 
such a set exists in the corresponding bed. Some rigid inclusions also contain several veins parallel to 
the III-b reactivation direction but in a less organized manner.
III-e: Strain fringes
Strain fringes (Figure 65) are usually not visible in the outcrop but are only identifiable under the 
microscope. They develop around mm-sized fossils and ooids that are too spherical and small to frac-
ture in boudinage. The fringes consist of elongated quartz and calcite crystals whose long axis strike 
NE-SW in the plane of bedding, parallel to the main extension direction derived from other phase III 
structures.
Both the boudinaged rigid inclusions of III-d and the strain fringes of III-e occur within beds that also 
contain other styles of veins of the same generation. This indicates that strain localization in those beds 
was not purely brittle during this phase but partly manifestated in delocalized plastic deformation of 
the host rock. 
1000 μm
Figure 65: Phase III-e strain fringes around fossils in a micritic matrix. The fringes are filled with partly fibrous 
calcite or quartz and indicate a bulk extension of the rock in NE-SW direction. (Bedding parallel thin section 
under crossed polarized light, Al Raheba Pavement. See also Virgo and Arndt, 2010; Arndt et al., 2014).
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6.3.4 Phase IV: Normal faulting
Phase IV structures consist of NE-SW to NW-SE striking normal to oblique slip conjugated normal 
faults with fault related veins as well as corridors with a high-density of veins and conjugated en ech-
elon sets with the same strike directions (Figure 66, Figure 78). 
30 cm
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c d
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IV
Figure 66: (a) minor normal fault with hanging wall to south displaces phase II vein bundles (geologists for 
scale, view to West). The damage zone of the fault contains subvertical veins parallel to the fault plane that lack 
discernible offset. (b) fault related veins that appear straight on the surface often split up into en echelons in 
vertical section. (c) cluster of E-W striking fault related veins (view to east). (d) conjugated en echelon sets with 
subhorizontal intersection linears in the vicinity of a normal fault (not in frame). The vein sets are crosscut by 
phase VI en echelon arrays (lower gorge pavement, view to East).
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IV-a: Faults and veins
The faults of this phase form a large-scale anastomosing network on the southern slope of the Jabal 
Akhdar with fault throws ranging from a few centimeter to more than 750 m, extending through all 
stratigraphic units of the autochthon B and also cutting through the semiautochtonous Muti forma-
tion. The morphology of the faults was in detail described by Holland et al. (2009b) and Stenhouse 
(2014) . 
Faults on the dip slope are usually not exposed as fault scarps (Virgo et al., 2013b). Faults appear on 
the surface as thick and long anastomosing bundles of subparallel veins (Figure 66). Their aperture 
often exceed 10 cm and the length of the bundle is inferred to be on the length scale of faults, however, 
individual veins are often shorter than 10 meters along strike. Vein bundles are usually filled with a yel-
lowish blocky calcite. In some veins the calcite is brecciated and sometimes even reworked to micritic 
grain size, which indicates transpressional slip along these veins. Where these slip planes are accessible 
(mainly in the walls of incised wadis) they often exhibit multiple overprinting striations that indicate 
normal to oblique slip and later reactivation in strike-slip. 
The veins of the main fault zone are usually accompanied by a damage zone of variable width that show 
increased vein frequency towards the fault. The width of the damage zone seems to depend on various 
parameters including the mechanical stratigraphy, the throw of the fault and distance to neighboring 
faults. 
In some layers fault related veins mostly appear as bedding confined veins normal to the bedding 
planes. These veins can reach lengths of several tens of meters at an aperture of less than 3cm. They 
do not show evidence for shear opening and are filled with calcite of a blocky texture. The density of 
these veins increases towards the fault center and solitary examples can be found many tens of meters 
away from any fault zone. 
The second type of damage veins are generally shorter and thicker subparallel veins. In vertical section 
they are organized as (mostly conjugated) en echelon sets that extend over several layers. On the bed-
ding planes these sets can either appear also as en echelon arrays or as long singular veins. In both cases 
the strike direction of the veins is subparallel to the fault.
The occurence of fault related veins is mainly restricted to corridors parallel to the main orientation of 
the faults that can host veins in massive density. These vein corridors are often found in the prolonga-
tion of fault tips where they do not accommodate a discernible throw. Age relationships to fault planes 
suggest that the vein corridors act as a precursor to fault localization. 
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Stress inversion from striations, conjugated fault planes and en echelon sets suggest a horizontal NNE-
SSW directed lowest principle stress. The largest principle stress varied between normal to bedding and 
oblique, dipping 50°-60° towards the East. 
IV-b Top-to-East bedding parallel shear veins
The oblique trajectory of σ1 corresponds kinematically well with top-to-East bedding parallel shear 
veins observed in the deeper stratigraphy of the autochthon B inside wadi Nakhr (Figure 67). The bed-
ding parallel shear veins are similar in appearance to shear veins described previously by other Authors 
(Hilgers et al., 2006; Holland et al., 2009b; Gomez-Rivas et al., 2014) and contain host rock inclu-
sions and a stepped internal structure. The top-to-East shear sense is clearly evidenced by slickenfibre 
lineation as well as the step sense of the internal layering (Bons et al., 2012). 
The shear veins are found to displace NW-SE striking bedding normal veins of phase III and are cross-
cut by E-W fault related veins. The top-to-East bedding parallel slip is therefore interpreted as an early 
structure of phase IV that has localized along the weakness planes of bedding. 
6.3.5 Phase V: E-W to NW-SE compression (strike-slip)
The strike-slip deformation of Phase V is evident in the rock as conjugated en echelon vein systems, 
faults and strike-slip reactivation of Phase-IV faults. The reactivation of these faults is documented as 
subhorizontal striations on slip planes (Figure 68, block diagram Figure 79) . 
Tectonic stylolites indicating a subhorizontal E-W compression occur in various locations. Further-
more mode-I veins can be found in the study area that match phase V in strike direction and relative 
timing but do not provide clear evidence for strike-slip. These veins can have a very similar appearance 
and orientation than veins of phase III but they do not share their bedding confined occurrence and 
of course display a different relative age towards phase IV structures.
En echelon sets of phase V consist of vein segments between a few centimeters and approximately 1m 
length filled with white calcite. Occasionally singular veins within a set can become much longer than 
the others. The orientation of this vein is either parallel to the other vein segments or parallel to the 
orientation of the array. In the later case the vein often shows a hybrid opening mode. The thickness 
of each vein seldom exceeds 2cm. The intersection linear of conjugated sets is usually oriented vertical 
to bedding. En echelon veins of this phase often occur as isolated conjugated sets but are also regularly 
encountered in clusters with increased vein density along reactivated faults. 
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Figure 67: (a) bedding parallel slip vein in close proximity of two normal faults (not in the picture). The fiber 
lineation (b) as well as the displacement vector of the intersected veins indicate a top-to-East sense of shear. The 
displaced veins match the regional developed orientation of phase III veins. The relative age and the compat-
ibility of the structure with the east dipping highest principal stress that was identified from other fault related 
structures strongly suggest that the top to east shearing along the weak bedding has occurred during phase IV.
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Figure 68: (a) exposed fault slip plane close to the upper 
gorge pavement. Horizontal striations that overprint the 
dominant dip slip striations indicate strike-slip reactivation 
of the normal fault (view to North). (b) a sinistral en ech-
elon set and a conjugated dextral shear vein displace phase II 
veins. The intersection linear of the en echelon array and the 
shear vein is subvertical, indicating E-W oriented horizontal 
compression. (c) veins of phase IV often appear in laterally 
confined clusters of conjugated en echelon sets. (d) array of a 
closely spaced sinistral en echelon set (phase V) interacts with 
a cluster of phase IV veins. The en echelon segments partly 
reactivate the preexisting veins (view to West). (e) several 
veins belonging to phase IV multiply deflect at preexisting 
phase II and phase III veins. Note also the numerous micro-
veins (III-c) parallel to both preexisting macroscopic veins. 
(f) a III-a vein is crosscut and by two sinistral en echelon vein 
sets belonging to phase V and VI.
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Faults that originate from this strike-slip phase are oriented normal to bedding and strike parallel to 
one of the local vein array orientation. An estimate on the displacement along faults and reactivated 
faults is in most cases not possible due to the lack of unambiguous vertical markers. 
The inferred direction of horizontal compression varies spatially from E-W to NW-SE. In a single 
location (the lower vein hosting bed of the Al-Raheba pavement) two crosscutting conjugated sets 
were found that both can be attributed to phase V. In this case the E-W set was older than the NE-SW 
compressional set. 
6.3.6 Phase VI: NE-SW compression (strike-slip)
Structures associated to event VI are en echelon vein sets and shear veins, strike-slip faults and bed-
ding normal tectonic stylolites that have formed under NE-SW directed bedding parallel compression 
(Figure 69, block diagram Figure 80). Faults of this generation were only found in the Southwest of 
the study area while its veins appear in the Natih formation all over the study area.
Faults cut the layers perpendicular to bedding. They often exhibit a fault gouge of up to 20cm width 
filled with coarse, white to yellow calcite. Slickenfibre lineation in the gouge suggest horizontal to 
gently dipping displacement. Faults are often associated with clusters of shear veins and conjugated en 
echelon sets cutting vertically through multiple beds. 
Away from the faults, veins of this generation appear occasionally as isolated en echelon sets and veins 
but mostly in clusters cutting vertically through the lithology. The clusters vary in width between one 
meter and -in the extreme case of the lower gorge pavement- more than several hundred meters. The 
width of a cluster on a given location seems to vary between layers. 
Veins of a cluster are usually organized in multiple conjugated sets of en echelon veins and vary in 
length and aperture. Crack-seal indicators such as host rock inclusions and tip splays are commonly 
observed. Veins of this phase were found in some layers to bleach the surrounding host rock.
Shear veins are another common manifestation of phase VI. They always occur in closely spaced clus-
ters of multiple conjugated veins that show a high degree of interaction. Shear veins are usually very 
thin (< 5mm) and at same time show a displacement of several cm. Together with the faults they are 
an indicator for elevated differential stress during phase VI. 
Tectonic stylolites/pressure solution seams are very common in this phase. Short pressure solution 
seams are often associated to en echelon sets. Long (>1 m) pressure solution seams are regularly found 
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Figure 69: (a) sinistral strike-slip fault of phase VI south of 
the swimming pool pavement (view to West). Large strike-slip 
faults of this phase are only encountered in the area around 
the swimming pool pavement while veins can be found in lo-
cations all over the field area. (b) phase II veins offset by a 
conjugated set of very thin high offset shear veins indicating 
an elevated differential stress during NE-SW compression in 
comparison to phase V. (c) conjugated shear veins and en ech-
elon arrays of phase VI offset extension veins of phase III as 
well as veins related to NW-SE compression (phase V). (d) 
most of the tectonic stylolites and solution seams in the area 
can be attributed to phase VI compression. Solution seams and 
stylolites often affect preexisting veins: In (d) a III-a vein is first 
crosscut by a phase IV extension vein. The solution seam paral-
lel to the old vein crosscuts the intersection and in turn must 
postdate the younger vein. The brownish color of the solution 
seam are most probably not caused by insoluable residuals but 
rather an effect of late stage fluid flow along the structure. 
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in the host rock as well as in veins of earlier generations. Pressure solution seams in veins are usually 
of a brownish color. Since the veins are usually only filled with calcite and do not contain insoluble 
material this cannot be an effect of accumulation. We therefore interpret the staining of solution seams 
(as well as the surrounding calcite) to be associated with a late stage fluid flow along these structures 
(compare Figure 69 d). 
6.3.7 Phase VII: Joints and juvenile microveins
The youngest set of veins identified in the study area is an East-West striking set of microveins. Just as 
the microveins described in III-b it features less than one mm thick veins with straight walls and a low 
aperture to length ratio. It is found to crosscut veins of all other generations. Microveins of this set are 
always fully sealed with a transparent calcite. Under the microscope it becomes visible that the calcite 
lack deformation twins, unlike any other vein set. This is a further indicator that this set of veins have 
formed very late in the structural evolution of the Jabal Akhdar and is not overprinted by a further tec-
tonic event. We interpret this phase of veining to be related to the doming of the Jabal Akhdar (Figure 
81) and might reflect the direction of exhumation related jointing. 
We like to emphasize that this would mean that sealing of fractures and strength restoration of the 
host rock was still a prevalent process during the very recent geodynamic history of the Jabal Akhdar. 
It remains important to notice that microveins of any phase have a major influence on the orientation 
of the joint system (Figure 70): In all outcrops the main joint orientations correlate with the local ori-
entation of a microvein set. It was directly observed in various locations that open fractures snap to the 
preexisting planes of microveins. To what degree the present day joint orientations are determined by 
preexisting microveins or follow the regional stress field could not be evaluated in the field.
6.3.8 Structures with uncertain age relationship
A number of structures were found in the study area that could not be put into an unambiguous tem-
poral context with the other structures due to the lack of suitable age relationships. These structures 
are shortly described in the following paragraphs. 
Early top-to-South bedding parallel shear
Top-to-South slip along bedding planes and associated small-scale thrusting was observed in alternat-
ing layers of Natih B at the entrance of Wadi Nakhr (Figure 71, block diagram Figure 74). The shear 
sense was derived from slickenfibers and the dip of thrust planes. The relative age relationship towards 
phase I and phase II remains unresolved. Local reactivation of the thrust planes by a fault related en 
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echelon set proofs that the shearing took place before the normal faulting of phase IV. We hypothesize 
that the thrusts can be related to the southward obduction of the allochtonous nappes. 
10 cm
a b
c d
joint
20 cm
10 cm
Figure 70: (a) the microvein dilemma in one picture: different sets of microveins crosscut each other without 
deflection and reactivation even when they intersect at a very low angle. Recent joints however usually form 
along preexisting microveins and even snap to microveins of various orientation which means that microveins 
are weak and easy to reactivate. See also Figure 42c. (b) staining of host rock volumes confined by microveins 
may indicate that microveins are a barrier to fluid flow in the rocks and delimit compartments of fluid with 
differential reactivity. (See also Figure 42b) (c) regular fracture patterns like this are a common sight on the dip 
slope of the Jabal Akhdar. All faces of the blocks are parallel to microveins. (d) Reactivation of microveins is 
not limited to recent joints: the image shows phase III-c microveins reactivated by a bundle of phase V veins.
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Late top-to-South bedding parallel shear
Another top-to-South shear event was identified inside a marly layer in the top Natih A, close to the 
upper Gorge Pavement: A conjugated en echelon vein set associated to a small graben structure is 
dragged southwards inside the marly layer (Figure 72). It is clear that this shearing must have occurred 
after the formation of normal faults, probably associated to the doming of the Jabal Akhdar (compare 
Laurich, 2010).
50 cm
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Figure 71: (a) small scale thrusts connecting bed-
ding parallel slip planes at the entrance of Wadi 
Nakhr. The thrust planes are reactivated by a fault 
related en echelon set of phase IV. No en eche-
lon veins have formed in the layers that contain 
the thrust planes. Instead the thrust planes have 
opened up and calcite has precipitated inside the 
voids. Unfortunately an age relationship to the also 
present phase III-a veins could not be established 
due to the lack of intersections (view to East). (b) 
detail of a thrust plane away from the phase IV 
fault. striations on the thin calcite filling indicate a 
top-to-South sense of shear (view to East). 
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Figure 72: Late stage bedding parallel shearing in an argillaceous bed in the upper gorge pavement. The veins 
and conjugated slip planes of a miniature graben are dragged southwards in the sheared bed what indicates that 
the shearing has taken place after the normal faulting event in phase IV (compass for scale, view to West).
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Top-to-NNE bedding parallel shear
Bedding parallel shear veins are rare in the Natih but more prevalent in deeper stratigraphy of the 
field area were they are extensively described by other authors (Hilgers et al., 2006; Holland et al., 
2009b; Gomez-Rivas et al., 2014). The veins can be followed along bedding planes over long distances 
and can reach an aperture of several centimeters (Figure 73). Lineations in the veins track the slip tra-
jectory and large host rock inclusions indicate multiphase incremental opening. We observed bedding 
parallel veins of this generation truncated by normal faults. The structures terminate at faults with no 
sign of shear deformation in the juxtaposed layer which clearly indicates that top-to-NNE shearing 
predate faulting. A vice versa age relationship that suggest a later shearing event with similar kinemat-
ics was not found in this campaign. 
Early top-to-NNE shearing was also found in argillaceous layers where it deforms and boudinages 
preexisting veins into a pinch and swell structure. Backrotation of these veins found at location 11 
(Cuesta Mandaa) result in a initial vein orientation similar to the local phase III-a orientation, what 
suggests that top-to-NNE shearing occured in between phase III and phase IV. However we found this 
correlation to not be a sufficient proof of the age relationship and more work is suggested to resolve 
the temporal context.
10 cm
a b
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100 cm
Figure 73: (a) multiple bedding parallel shear veins displaced by a low offset normal fault and crosscut by fault 
related veins of phase IV. A temporal constrain of the shearing towards the phases predating the normal faults 
was not possible due to the lack of suitable intersections. (b) striations on the vein indicate a top-to-NNE direc-
tion of shear (Wadi Nakhr, both pictures are taken with view to East).
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Burial stylolites
Bedding parallel stylolites are very common in all layers in the study area. They are preferentially found 
at the interface of adjacent beds. Bedding parallel stylolites show mutual overprinting with veins of 
various age and it is not possible to confine their formation to a certain deformation phase. It is in-
ferred that burial stylolites were repeatedly active at multiple stages during the structural evolution.
It is very likely that stylolite growth in the rocks of the study area is limited by the concentration of 
dissoluted calcite in the fluid (D. Koehn, personal communication). Once the fluid is saturated in 
calcite it is not possible for the stylolites to dissolute any more material and stylolite activity seizes. 
The stylolites can only proceed growth after the carbonate concentration in the fluid has dropped by 
precipitation of calcite in open fractures. If this applies, the stylolite growth would be precipitation 
limited and directly coupled to brittle deformation in these rocks.
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6.3.9 Pattern variation
As already mentioned, veins of the described sets are not equally distributed in the study area. The 
outcrops in which the observations for this study were made are all locations that show an elevated 
occurrence of veins of various generations and thus convenient for the collection of vein data.
Most of these outcrops are located on the dip slope and on wadi floors where they (polished by oc-
casional water flux) allow observations on a large surface. A remarkable observation that was made 
comparing these pavements is that each pavement seems to have its own vein pattern that differs from 
the vein pattern in all other pavements (Figure 84-Figure 87).
One of the reasons for this great variability in vein patterns is that the occurrence, density and pheno-
type of veins change with stratigraphy. This dependency is especially strong for vein sets of generation 
II and III that are bedding confined and show a distinct and stable pattern in each layer they occur 
in. Together with spacing and geometry, the mean orientation of the veins also varies from layer to 
layer. This is very apparent from satellite imagery: In the Quickbird interpretation by Holland et al. 
(2009a) the largest changes in the local direction, length and density of the dominant set of lineaments 
concur with changes in stratigraphy (Figure 82, Figure 83). 
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Figure 82: Excerpt of the interpreted lineation and fault dataset after Holland et al. (2009a) covering the 
western most part of the dataset in rocks of the Wasia group. Only the dominant set of lineation is visualized 
(see rose diagram) and lineations are colored according to strike direction. The data layer is draped onto the 
Quickbird image that has also served as the basis for interpretation.
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Figure 83: Zoomed excerpts of the interpreted data (see Figure 82 for location). Changes in spacing, length 
and orientations of the lineaments mostly go with changes in the stratigraphy, either at bedding steps or at 
some places also with faults that juxtapose different beds on the surface. The orientation also varies in some 
areas within a bed but a systematic lateral curving of the sets can not be identified. Some of the more East-West 
trending lineations (red to orange) seem to be associated to faults (white). They show a much less stable pattern 
and always occur close to faults, preferentially in relay zones.
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Figure 84: Excerpt from the rectified Photomerge of the lower Gorge Pavement (modified after Raith, 2010). 
The main vein sets in this outcrop are N-S striking bundles of phase II that are displaced by two low-offset 
normal faults and associated veins of phase IV that cut through the pavement in East-West direction. Veins that 
can be correlated to the two phases of horizontal compression are also present in this pavement but with a very 
different appearance: while phase V veins can only be found in spatially confined clusters, phase VI occurs in 
a more uniform manner.The Veins of this phase furthermore exhibit a light grey halo in the host rock around 
the veins. 
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Spatial variation in vein occurrence play a much larger role in Phase IV, V and VI. Vein sets that belong 
to this phases show a patchy occurrence. They are often organized in corridors with increased veining 
intensity, which are mostly less than 10 meters wide but may be followed over 100m on the surface. 
Along faults the vein density of the generation IV, V and VI is particularly increased. 
Phase IV, V and VI show less obvious stratigraphic variability than the bedding confined Veins of II 
and III . It is however recognizable in the field especially where vein clusters crosscut several layers and 
the vein density and characteristics change between layers. 
Bedding parallel veins and slip-surfaces naturally show a high stratigraphic dependency. Their spatial 
variability could not be assessed in this study.
The orientation of a vein often varies in the range of 20° along a single macroscopic vein (for micro-
5 m
IV
II
Figure 86: Photomerge of the upper gorge pavement dominated by phase II and phase IV veins (modified after 
Thronberens, 2010). The outcrop is delimited in the North and in the South by normal faults what causes the 
high density of phase IV veins. 
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veins this range is much smaller). The same spread in strike direction and dip can also be observed on 
outcrop scale between veins of one set. The variation can be higher between veins of different outcrops, 
e.g. the mean orientation of a vein set can change laterally. However, a systematic lateral curving of 
vein sets (e.g. towards faults) was neither observed in the field nor was it deduced from remote-sensing. 
The stratigraphic and spatial variation of the structures imply that different combination of vein gen-
erations are found in different outcrops and also may vary in their appearance and geometry. In fact 
not a single outcrop was found in which all vein generations are represented. The main factor respon-
sible for the huge variability of vein patterns in outcrops is that in each outcrop different vein sets with 
different characteristics are present.
The other very important factor influencing the vein pattern of an outcrop is how the present vein sets 
interact with each other. The dominant form of vein-vein interaction is crosscutting. It is also the sim-
plest one and does not have an influence on the distribution and characteristics of the involved veins. 
Crosscutting is facilitated by high intersection angles of the vein sets as well as a low strength contrast 
between the preexisting vein and the host rock (Virgo et al., 2013a). The second most common vein 
Figure 87: The sundown pavement was only visited shortly but should be revisited in the future. Considering 
the multitude of different vein sets in this outcrop, phase III veins seem strangely underrepresented. Instead 
phase IV extension veins form a very stable bedding confined set (view to Northeast, speechless geologist for 
scale).
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interaction style is reactivation and deflection. For this interaction style the influence of the older veins 
on younger veins is very high: younger veins nucleate preferentially at preexisting veins and follow the 
orientation of those veins before eventually proceeding in their own direction in the adjacent host rock. 
Consequently, the spacing and distribution of the younger vein set is controlled by the preexisting vein 
sets. Along the length of reactivation the younger vein set follows the orientation of the preexisting 
veins and add up to their total width (stacked vein, compare Virgo et al. 2013a). The reactivation is 
often in mixed mode, so that mode-I veins develop a shear component due to reactivation. Nucleation 
at a preexisting vein requires that the strength of the vein is lower than the local host rock strength. 
The deflection at the vein interface is most effective at intersection angles <30°, however it was also 
observed at veins at an higher angle. An influence on the orientation is also possible for the segments 
of the younger veins in the adjacent host rock if multiple parallel veins are reactivated at the same time 
and the connecting fractures follow perturbations of the local stress field (Virgo et al., 2014).
Figure 88: The Isaba Fi Ar’ras pavement is a spectacular exposure of (presumably) phase III veins that segment 
into brick shaped en echelons. Unfortunately it could not be investigated further because of a medical emer-
gency. In the background you can see a boulder that was split in half along a vein (view to Southeast, Geologist 
for scale).
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An extreme example for a vein pattern strongly influenced by the reactivation and deflection mecha-
nism is the upper vein hosting bed of the Al Raheba pavement (Figure 89).
Other possible vein interactions are external deflection at veins that are stronger than the host rock 
and bifurcation of veins at intersecting older veins. Both mechanisms play only a minor role in the 
study area.
2 m
III-a
Figure 89:  The vein pattern of the upper vein hosting bed of the Al Raheba pavement (modified after Virgo 
and Arndt, 2010) is dominated by early phase III veins. The high degree of reactivation of these veins lead to 
mutual overprinting relationships and entails that only very few veins of later phases form according to their 
natural orientation.
199
Chapter 6   Discussion
6.4  dIscussIon
6.4.1 Reasons for pattern variation
Several mechanisms are able to cause the stratigraphic and lateral variation as well as the variability 
of orientation that is evident in the field. In the following we want to discuss some of these. It is very 
likely that more than one of the mechanisms played a role during the progressive deformation of the 
Jabal Akhdar and the vein patterns as we see them today are the result of a combination of those.
Mechanical stratigraphy
The presumably most important aspect of the stratigraphic variability of veins is the mechanical stra-
tigraphy of the rocks. The mechanical stratigraphy of a rock is defined by intervals of varying me-
chanical properties such as elastic properties, tensile strength and brittleness (Price, 1966; Cook and 
Erdogan, 1972; Corbett et al., 1987; Cooke, 1997). The thickness is also of main importance for 
the fracture pattern that develops in a specific mechanical unit (e.g. Pollard and Aydin, 1988; Bai et 
al., 2000; Olson, 2003). The differences in mechanical parameters results from primary sedimentary 
aspects and diagenensis and may also change with time during burial, deformation and exhumation 
(Shackleton et al., 2005; Laubach et al., 2009). The change in style of veining between vein genera-
tion II and III may be a result of proceeding burial and diagenesis. 
The properties of a mechanical unit defines under which conditions fractures open and to an extent 
also their geometries and spacing. This is directly observable at vein clusters of Generation IV-VI that 
cross cut across mechanical unit boundaries and change their vein appearance and density from unit 
to unit.
It is also the first order explanation why veins of Phase II and III only occur in some layers and are 
absent in others.
Several important effect arise from the vertical order of mechanical units: A stiffer layer sandwiched 
between two softer layers will experience horizontal tensile loading as a result of increasing bedding 
normal compression (Bourne, 2003). If the contrast in elastic parameters is high enough, this mecha-
nism allows the formation of a unit-confined fracture set in the stiffer layer under uniform remote 
compression and low fluid pressures. 
The bedding confined veins of phase III have most likely formed with the highest compressive stress 
vertical to layering and thus may be (at least partially) attributed to this mechanism. 
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If this applies, then a high fluid overpressure may not be a necessity for the formation of the genera-
tion III veins. However a net extension and non-elastic deformation of the non-fracturing layers is 
necessary to allow the high vein apertures and multiple crack-seal increments in this generation which 
therefore can not be the result of a fracturing purely governed by differential elastic properties. 
Mechanical stratigraphy and faults
The onset of normal faulting (generation IV) is generally attributed to an increase in differential stress 
(Hilgers et al., 2006; Holland et al., 2009b; Gomez-Rivas et al., 2014). On a larger scale of ob-
servation the deformation switches from a homogeneous deformation of the rock package to a more 
localized fashion by forming conjugated faults. The faults cross over the mechanical units and strain 
is laterally more heterogeneously distributed. The mechanical stratigraphy strongly influences the seg-
mentation of the fault zones and thus has also a big influence on the distribution and extent of fault 
related veins. The effect of the mechanical stratigraphy on fault geometry in the Natih was described 
by Holland et al. (2009b) and more recently by Richard et al. (2014). In massive limestones of the 
Natih A, faults occur as steep, localized slip planes while in more argillaceous units they tend to seg-
ment to a wider array of slip planes. This variability does reflect in the width of the damage zone and 
spatial distribution of fault related veins in this units.
Orientation variability of structures
At an elevated differential stress, deformation structures usually localize along two conjugated orienta-
tions in consistency to the Mohr-Coulomb fracture criterion (Jaeger et al., 2009). If the magnitude of 
differential stress is subject to local or temporal variations the possible orientations of a set are extended 
by the orientation of pure mode–I structures in the acute angle of the conjugated sets. This obvious 
mechanism is the first order explanation for the multitude of different strike directions of veins and 
faults found in the phases IV, V and VI. The configuration of fault orientation of event IV (normal 
and oblique faults) can even be interpreted as an orthorhombic conjugated set as a result of interaction 
of shear fractures as fault precursors (Healy et al., 2006). However, proof that these faults really have 
formed contemporaneously rather than consecutively still needs to be established. 
The orientation of veins and faults is furthermore subject to a natural variability on the scale of a single 
structure as well as between structures that belong to one set. This can be related to local mechanical 
variations (including veins as mechanical heterogeneities) as well as temporal and spatial variation of 
stress. An overview on the relevant mechanisms of stress variability was given by Caputo (2005). In 
such a dynamic system as the Jabal Akhdar high pressure cell it is not a surprise that local stress per-
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turbation by faults and fracture activity as well as local fluid pressure gradients create a wide spread in 
vein orientation within a single vein set.
It is observed that the orientation of bedding confined veins of phase II and III as well as the orienta-
tion of recent joints (Phase VII) vary between stratigraphic beds. This can be the direct result of the 
mechanical stratigraphy (Helgeson and Aydin, 1991; Younes and Engelder, 1999): if the direction 
of maximum remote horizontal stress during the fracturing of the layers is different from the initial 
stress field, the principal orientation of horizontal stress becomes a function of the elastic shear moduli 
of the different layers (Bourne and Willemse, 2001; Bourne, 2003). The “initial stress” does not 
necessarily refer to the stress field in which the rocks have lithified but can also be the stress field of 
a former deformation event with which the rocks have equilibrated via non-elastic deformation. The 
theoretically possible mismatch in orientation that results from this mechanism exceeds 60°, depend-
ing on the mechanical parameters and the degree of change between the current and the initial hori-
zontal stress field (Bourne, 2003).
Another mechanism that can independently of the described mechanisms produce a large variability 
of vein orientations is a systematic temporal rotation of the stress field. The change of the remote stress 
field is the reason we can define different structural phases with consistent age relationship in the first 
place. A systematic rotation within a single phase can also produce differently oriented veins at differ-
ent times. A proof of such a rotation during one structural phase is given by the systematic reactivation 
of III-a veins by III-b veins. 
 It is possible that the stratigraphic variation in strike of Phase II, III and VII is the result of different 
localization times in each layer under a systematic rotation of the horizontal stress field.
Fluid pressure
An increased fluid pressure can enhance fracturing in a rock by reducing the effective normal stress 
(e.g. Etheridge, 1983). The overall increased vein density in the Natih formation relative to deeper 
stratigraphy in the Autochton B suggests that the overlying Muti formation was the main seal of the 
Jabal Akhdar high-pressure cell (Gomez-Rivas et al., 2014). The variable stratigraphy of the Natih and 
deeper stratigraphic units with intercalated marly layers (Homewood et al., 2008) make it very likely 
that several secondary seals exist underneath the Muti Formation. This allows a heterogeneous and 
highly variable fluid pressure distribution across the small scale stratigraphy and high fluid pressure 
gradients over local seals. 
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Besides compaction, 2 mechanisms may maintain the elevated fluid pressure and local overpressure 
compartments during the deformation history, which are 1. expulsion of hydrocarbons and 2. volume 
destruction by stylolites. 
Hydrocarbon expulsion by thermal cracking is considered to be especially important for the early 
structural history of the high pressure cell before the rocks have reached their peak burial temperature 
and the source rocks exceeded maturity (Fink et al., submitted). Especially relevant for hydrocarbon 
production are the Natih B and E members that contain very efficient source rocks and are the source 
for several oil and gas reservoirs produced in the foreland basin (Terken, 1999).
Fluid pressure can also be elevated by stylolite activity (P. Bons, D. Koehn, personal communication) 
by dissolution of matter and reduction of pore space. Stylolite growth is evident over the whole struc-
tural evolution of the rocks until Phase VI. Under what circumstances this mechanism is effective for 
maintaining fluid overpressure and in which ways stylolite activity is coupled to fracture formation 
and sealing in the Jabal Akhdar should be further investigated in a different study. 
A variation of the fluid pressure along the stratigraphy does of course directly influence the distribution 
of fracture and vein formation in the layers by lowering the effective stress. The strong control of the 
stratigraphy on the early bedding confined veins (phase II and III) can (at least partly) be an effect of 
local seals and overpressured beds. 
The onset of faulting and trans-stratigraphic fracturing (phase IV to VI) also reduces the local strati-
graphic heterogeneities in fluid pressure: Where faults or fracture systems connect stratigraphic levels 
of differential fluid pressure, fluid flow along the fault will equilibrate the formation pressure in the 
affected beds towards a linear (but possibly shifted) hydrostatic gradient (Sibson, 1992). This means 
that in some beds the fluid pressure is increased by the fault while in others it drops. The low matrix 
permeability of the carbonates prevents an instantaneous equilibration of the fluid pressure in those 
beds. Thus lateral fluid pressure gradients form in the beds with the highest gradient close to the re-
cently formed fault. This mechanism might be of great importance for the high lateral variability of 
vein occurrence in this deformation phases. Examples for both bedding parallel and vertical fluid flow 
are reflected in the isotopy of the veins (Arndt et al., 2014). 
Many indicators suggest that sealing of fractures and faults is a relatively rapid process in the Jabal Akh-
dar (Arndt, submitted; Holland and Urai, 2010). Rapid sealing and low matrix permeability make 
it very probable that a single faulting event cannot completely equilibrate the fluid pressure between 
beds what makes the fluid pressure fluctuation very complex in time and space.
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We furthermore hypothesize that some vein microstructures can also act as seals and may also play an 
up to now underestimated role in the formation of lateral pressure gradients and in intra-stratigraphic 
fluid flow. We found several examples in the field where host rock bleaching was limited by microveins 
which could be an indicator for compartmentalized fluid flow in the rock (see Figure 70b).
Temporal evolution of anisotropy and heterogeneity
As stated earlier, the mechanical stratigraphy can evolve during diagenesis and it is expected that this 
also changes the mechanical heterogeneity of the layers and interfaces. Another source of mechani-
cal heterogeneity are deformation structures in the rock, most importantly stylolites, faults and veins. 
The localization of bedding parallel veins might reflect such a change in heterogeneity: The very early 
examples of bedding parallel veins (I-a) always localize within limestone beds (see Figure 59). The later 
bedding parallel shear veins are however only found at bedding interfaces that are often associated with 
stylolites. We assume that the relative weakness of bedding planes is increased by progressive stylolite 
activity and was not yet so strongly evolved during the formation of I-a bedding parallel veins. The 
top-to-East bedding parallel slip that we attribute to the oblique normal faulting event (V) was only 
possible in the given stress field because the bedding planes were weak compared to the surrounding 
layers and the largest compressive stress in favorable orientation to the bedding planes. The continuity 
of bedding planes is later destroyed by the normal faults that juxtapose bedding planes with massive 
rock layers. This reduces the large-scale anisotropy of the rock volume and prevents the further locali-
zation of major strain along the bedding planes. Bedding parallel shear that postdates normal faulting 
(late top-to-South bedding parallel shear) was only found as delocalized deformation in argillaceous 
layers (Figure 72). 
It is commonly observed that younger generations of veins reactivate preexisting veins and microveins 
in the rock. The mechanical heterogeneity on the scale of a single bed consequently increases with the 
structural evolution of the area as more and more veins become available for reactivation and interac-
tion in the rock.
6.4.2 Microvein dilemma
The reactivation behavior of veins does primarily reflect the relative strength between the vein (includ-
ing the vein interfaces) and the host rock (Virgo et al., 2013a; Vass et al., 2014). For the veins of the 
field area it is not possible to make a general statement about the relative strength of veins and host 
rock. The interaction behavior of veins yield ambiguous results not only in the same layer and between 
veins of the same structural phase but even within a single thin section.
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Microveins are often found reactivated by younger vein generations and fractures, even when the ori-
entation of the microveins is incompatible with the orientation of the younger veins. This suggests that 
microveins are in general a strength heterogeneity that is easy to refracture. Most macroscopic veins 
show microstructural evidence for multiple opening events (compare Hilgers et al., 2006; Holland 
and Urai, 2010; Arndt et al., 2014) and it can be assumed that each macroscopic vein results from 
repeated reactivation of an initial microvein by the crack-seal mechanism (Ramsay, 1980).
However at the same time parallel microveins exist with a low spacing, which is an indicator that the 
crack-jump mechanism prevails and microveins are in general stronger than the host rock (Caputo 
and Hancock, 1999). Furthermore microveins of the same set intersect each other mostly by crosscut-
ting, even when the angle between the microveins is low. This behavior suggests that the vein does not 
influence the fracture propagation of the younger vein, which means at such low intersection angles 
that the strength of vein and host rock must be very similar (Virgo et al., 2013a).
In the following we want to discuss three possible explanations for this obvious dilemma: 
Intrinsic strength variation
The most simple explanation for the varying interaction behavior of veins is that the average vein 
strength is very close to the host rock strength and varies slightly along veins and between different 
veins. It is assumed that (up to a certain length scale) the strength of the vein is limited by its weakest 
component. 
That means that even if the rest of the vein has a strength similar to the host rock, a single flaw or im-
perfect healing may localize fracturing and lead to vein reactivation. 
 Veins may exist for any layer and event that are either stronger or weaker than the host rock. The 
weaker veins have a higher chance to be reactivated and thus usually develop to macroscopic veins via 
crack-seal. Only the relatively strong examples remain unreactivated and persist as microveins.
An intrinsic variation of the vein strength certainly exists. However we do not think that this mecha-
nism alone sufficiently resolves the dilemma. For example it is not able to explain why late fractures 
preferentially reactivate microveins although the same microveins are part of a closely spaced parallel 
set which is indicative for the crack-jump mechanism and thus stronger veins. 
Fracture growth mechanism
A possible explanation why late fractures easily reactivate microveins while at the same time microveins 
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crosscut each other under a very small angle could be attributed to a different growth mechanism: 
The existing models for fracture-vein interaction (Virgo et al., 2013a; Virgo et al., 2014) all assume 
dynamic fracturing under critical conditions. There are however indicators that this model of crack 
growth does not apply for most of the microveins. Microveins may rather form under subcritical 
conditions in the field of stable crack growth in which the propagation criterion is governed (among 
other factors) by chemical stress corrosion at the tips of the fracture (Wiederhorn, 1967; Atkinson, 
1984). Microveins often exhibit an exceptionally low aperture/length ratio. Also under the electron 
microscope they show proofs for intergranular fracturing and a surface roughness below the structural 
dimension of the host rock (Meessen, 2011), which are both an indicator for a slow propagation 
velocity (Atkinson and Meredith, 1987; Hull, 1996; Savalli and Engelder, 2005). The chemical 
environment is likely to have supported subcritical crack growth during most deformation stages since 
the temperature was sufficiently high and pressure solution as well as precipitation structures (stylolites 
and veins) indicate a high chemical mobility of calcite.
Fracture growth under subcritical conditions may show a different interaction behavior with preexist-
ing veins than fractures under critical fracture conditions.
Because the driving stress for subcritical crack growth is much lower, the process zone in front of the 
fracture tip is smaller than for dynamic crack growth (Swanson, 1984). It is therefore not possible 
for the fracture to reactivate zones of weakness that are not directly in the path of the propagating 
tip, which lowers the probability of deflection. It is also likely that the propagation and interaction 
behavior of a subcritical fracture is much less dependent on strength heterogeneities but rather more 
controlled by the local reaction kinetics when encountering a vein interface. 
Microvein formation under subcritical propagation condition would explain that microveins can be 
found in some of the marly layers that show no other type of veins. Numerical modeling has also 
shown that subparallel subcritical cracks can grow at a very close spacing (Olson, 2004) which is 
consistent with the high microvein density in some layers.
Temporal evolution of relative strength
The strength ratio between vein and host rock can be subject to a temporal variation: Three different 
processes are discussed in the following that might play an important role in changing the mechani-
cal heterogeneity of the vein-host rock system with time. These are namely the time dependent initial 
sealing of the vein, diagenetic alteration of the host rock and stress induction at the vein interface by 
temperature changes. 
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It is obvious that the sealing of fractures is not an instantaneous process. It takes time for the crystals to 
grow into the void and restore the mechanical strength across the disconformity (Hilgers et al., 2004; 
Nollet et al., 2005), although the sealing of low aperture fractures can be surprisingly fast (Brantley 
et al., 1990; Laubach, 2003). While the sealing is still incomplete, the overall strength of the vein is 
low and the vein can easily refracture (Laubach et al., 2004). The areas around the fracture tips usually 
have the lowest aperture and are therefore the first parts along the vein to seal and regain the mechani-
cal strength. A refracturing of such a partly sealed vein produces a distinct vein pattern with tip splays 
and a growth competition microstructure away from the vein tips (Arndt, submitted; Bons et al., 
2012). Vein structures like these are commonly found in the field area and might be used to infer the 
rate of fracture growth in comparison to the calcite growth rates (Lander and Laubach, 2014).
A vein has reached its maximum strength when the sealing process is completed. The vein/host rock 
strength ratio might still evolve further by diagenetic changes in the host rock (de Joussineau et al., 
2005). It can be assumed that the host rock strength increases with progressing burial and has reached 
its final state under peak burial conditions. Post-vein strengthening of the host rock might be able to 
explain the observation that microveins are frequently reactivated by later generations of brittle defor-
mation. 
The third mechanism that can alter the relative strength of a vein over time is related to temperature 
changes in the rock after vein formation. Microveins are filled with blocky calcite crystals that usually 
span the vein from interface to interface and can have a lateral extend much larger than the aperture of 
the vein (Arndt, submitted). The crystals do not show a crystal preferred orientation (CPO). Calcite 
exhibits a very strong anisotropy in the thermal expansion coefficient (Srinivasan, 1955). Any change 
in temperature therefore inevitably leads to strain incompatibility in the vein microstructure and along 
the interfaces that induces a heterogeneous stress in and around the microvein. This weakens the over-
all integrity of the vein and largely increases the probability of fracture localization and reactivation. 
This mechanism could make microveins much easier to reactivate in later deformation phases under 
temperature conditions significantly different from the sealing temperature compared to the thermal 
environment that the vein has sealed in. 
Of course this effect is also present in the micritic host rock and might have an influence on the frac-
ture mechanism on grain scale (see Arndt ,submitted). However, since the calcite grains are much 
smaller there and unlike the vein do not align along a predefined plane, the expected magnitude of 
stress is also smaller and cancels out over a representative volume and thus is not considered to have a 
large effect on a larger scale .
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6.4.3 Comparison with existing literature
The majority of structural phases described in this work fit well into the existing framework established 
by earlier studies of veins in the Jabal Akhdar (Figure 90). In this chapter we shortly highlight differ-
ences in our interpretation to existing work and correlate the phases to the major geodynamic events 
that were postulated for the Jabal Akhdar.
Structures associated with the top-to-South obduction of the Hawasina and Semail ophiolite nappe 
emplacement are very rare in the study area. Some of the bedding parallel shear veins ascribed by 
Gomez Rivaz et al. (2014) to a top-to-South shear were interpreted by us as top-to-North shear veins 
upon revisiting the sites, based on the criteria provided by Bons et al. (2012) . Ramp structures on the 
southern slope that were suggested to may be associated to the obduction (Holland et al., 2009b) do 
not show the expected relation to the regionally developed top-to-Northeast dissolution cleavage and 
can therefore not be obduction related (Jean Paul Breton, pers. comm.). The early bedding parallel 
shear and small scale thrusts described in this study have evidently formed before the normal faulting 
event (phase IV) and are a suitable candidate for an obduction related structure. Unfortunately, it was 
so far only found localized at bedding planes and in layers with no veins older than phase IV, so its age 
relative to other early veins cannot be unambiguously established.
We agree in our observations of bedding parallel top-to-NNE shear with Holland et al. (2009b) and 
Hilgers et al. (2006) who also found the shearing event to predate normal faulting in the area. We 
would like to point out that bedding parallel slip after normal faulting is mechanically very unlikely 
to occur localized along bedding planes. The continuity of bedding is disrupted by the E-W trending 
normal faults and large slip along the weakness planes cannot be achieved without noticeable deforma-
tion across faults when juxtaposed against massive limestone beds.
Top-to-NNE shearing is widely recognized in the whole Jabal Akhdar and generally associated with 
exhumation and uplift that followed the obduction of the ophiolites (Le Métour, 1987; Breton et 
al., 2004). Further work on bedding parallel shear structures is recommended to constrain the timing 
of the events towards other structural phases in the area.
The mode-I bedding parallel veins of phase I-a were not recognized in previous studies. An unambigu-
ous relation to a certain geodynamic event is not possible due to the lack of data. However, we suggest 
that they might predate the obduction of allochtonous nappes and be related to the early exhumation 
of the platform in the peripheral forebulge of the subduction zone (Robertson, 1987). Their orienta-
tion indicate supralithostatic fluid pressure and the local black staining suggest that they might also be 
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related to hydrocarbon migration that is evident from I-b bitumen impregnated veins. These however 
are not yet sufficiently constrainable to an event in the geodynamic evolution of the Jabal Akhdar 
(Fink, 2012; Fink et al., submitted) but must have formed very early in the tectonic history of the area. 
The fact that I-a veins have formed not at bedding planes but inside massive limestone layers and the 
sigmoidal tension gashes found in I-b veins (Figure 61b) suggest that both generations have formed 
before the rocks have achieved their peak burial diagenetic strength. 
The conjugated set of en echelon veins of I-c was only found in a single outcrop and is not developed as 
a consistent regional set. We favour the interpretation that it belongs to Phase III veins and its deviant 
manifestation is an effect of the mechanical stratigraphy. The outcrop is situated just below Jabal Mis-
fah, a huge exotic block in the Hawsina which might have acted as a large scale mechanical inclusion 
and could therefore have influenced the proximal stress field in a way that allowed this abnormal vein 
set to form in this specific location.
The North-South trending vein sets of phase II differ in orientation size and distribution from the fol-
lowing phase III veins but still indicate a formation in a comparable stress field with a vertical highest 
compressive stress. The different strike directions can be associated to an anticlockwise rotation of the 
lowest horizontal principle stress between the events. The different appearance of both phases might 
be related to a temporal change in the mechanical parameters of the rock during progressive diagenetic 
alteration between phase II and phase III. 
Phase III veins are the most abundant and laterally stable vein set in the field area. They relate in 
orientation and timing to the generation #1 and #2 by Hilgers et al. (2006) and also to the earliest 
veins described by Holland et al. (2009b) and match the strike direction of the oldest veins found 
by Virgo et al. (2013b). In agreement with these authors we interpret Phase II and Phase III veins 
to have formed during basin subsidence and burial under the load of the progressively obducting au-
tochtonous nappes. The anticlockwise rotation evident between phase II and phase III veins as well as 
within phase III is in agreement with the mentioned studies. 
The normal faulting event (phase IV) was recognized also by all previous studies on structures in the 
area. We interpret the normal faulting to be attributed to a regional extensional event during the 
Campanian and Maastrichtian that is evident in the subsurface of Oman (Filbrandt et al., 2006; 
Fournier et al., 2006) as well as in Abu Dhabi (Johnson et al., 2005).
Probably more than one normal faulting event has affected the Jabal Akhdar. An early stage of faulting 
was proposed by Breton et al. (2004) to be related to extension during subduction. Furthermore, a 
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late stage faulting event and fault reactivation was identified by several authors related to doming and 
recent neotectonic activity (Hanna, 1990; Poupeau et al., 1998; Kusky et al., 2005). We do not deny 
the existence of these faulting events but emphasize that we did found no crosscutting relationships 
that indicate faulting in the area to be related to either one of these. 
Gomez Rivaz et al. (2014) pointed out that most normal faults are not purely dip slip but have 
an oblique slip component. This is in good correspondence with our observation from fault plane 
striation and stress inversion based on conjugated en echelon vein sets that indicate an East dipping 
maximum compressive stress during phase IV. We propose that top-to-East bedding parallel shear 
structures have formed along weakness planes within the same stress field. A top-to-East slip was 
recognized before by Hilgers et al. (2006) in pinch-and-swell vein structures which fit well with our 
interpretation in relative age. Gomez Rivaz et al. (2014) have attributed top-to-East shearing in the 
same location to be an effect of later strike-slip event with East-West oriented horizontal σ1. Although 
it might be possible, we do not share this interpretation since the bedding planes are in a less favorable 
orientation for slip in this stress field. Furthermore, this interpretation requires a second normal fault-
ing event or reactivation to make the observed crosscutting relationships plausible. This is not neces-
sary if the bedding parallel top-to-East shear has formed in the early stage of oblique normal faulting 
as we propose in this study.
The strike-slip events that follow normal faulting were firstly recognized by Gomez-Rivaz et al. (2014) 
in the field area. The authors proposed 3 distinct sets of strike-slip related conjugated en echelon vein 
sets and faults with a horizontal direction of compression rotating anticlockwise from NW-SE to E-W 
and NE-SW.
Our observation are largely in agreement with this model, although we organized our observations 
into only 2 subsequent phases since we did not find age relationships that make the introduction of a 
third phase necessary. 
Phases of strike-slip compressional tectonics were recognized before in the neo-autochtonous sedimen-
tary cover of the central and eastern Oman Mountains: According to Fournier et al. (2006), the com-
pressional direction evolves from E-W to NNE-SSW beginning in the early Miocene which is in good 
agreement with our reconstruction of the stress field. The geodynamic origin of this compressional 
phases is not entirely resolved but might result from the interaction of the Arabian Plate with the In-
dian Plate in the East and convergence of the Arabian and Eurasian Plate in the North (Fournier et 
al., 2006; Gomez-Rivas et al., 2014).
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Doming of the Jabal Akhdar and tilting of the layers to their present orientation is generally recog-
nized as a very recent event in the Pliocene (e.g. Poupeau et al., 1998). all structure up to phase VI 
are inferred to predate the anticline formation and are rotated with bedding. Recent structures associ-
ated to the doming event are a bedding parallel top-to-South shearing in marly layers. The shearing is 
consistent with northward bedding parallel slip and thrusts described by Hilgers et al. (2006) on the 
Northern flank of the anticline as a result of flexural slip during folding and/or gravitational sliding.
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Figure 90: Overview on the deformation phases distinguished in this study with a possible relation to geody-
namic events and generations defined by other Authors. A representative stereonet for each phase is shown with 
a reconstruction of the orientation of principle stresses (where possible).
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Jojnts and juvenile microveins (Phase VII) can be regarded as the youngest structures in the field area. 
The juvenile microveins could be a direct result of the folding and may have formed as axis paral-
lel longitudinal tension joints (Price and Cosgrove, 1990; Jaeger et al., 2009) but further data is 
necessary to test this speculation. It is clear from the observations that the E-W striking veins of this 
generation are the youngest cemented structure in the field area. The orientation of open joints often 
follows the direction of the juvenile microveins. Also for the other joint direction it was confirmed that 
in most cases they reactivate preexisting microvein directions. Microveins of generation III-d are the 
population most often reactivated by joints. The present day maximum horizontal stress is regionally 
oriented NE-SW in Northern Oman (Filbrandt et al., 2006) with only local fault related rotations 
to NW-SE and E-W. We suspect that the present day stress field does only play a subordinate role in 
the formation of the joint pattern and that the present day jointing is more the result of decompaction 
fracturing along anisotropies.
6.5 outlook
The presented framework of structural phases should cover by now the vast majority of veins and 
other deformation structures that can be found on the southern slope on the Jabal Shams. In future 
work, the missing temporal constrains on the top-to-South and top-to-NNE bedding parallel shear-
ing events should be established. Furthermore a comparison to other parts of the Jabal Akhdar (e.g. 
northern and eastern slope) could be helpful to refine the still crude relation of structures to regional 
geodynamic events and should be conducted to test the validity of our proposed model.
 Many of the discussed aspects of the stratigraphic, spatial and temporal variation of the Jabal Akhdar 
high pressure cell deserve further detailed and quantitative investigation. 
We recommend a future study to focus on the mechanical stratigraphy of the Natih Fm. and in-
vestigate how the fracture stratigraphy has evolved during the several episodes of deformation. The 
exceptional outcrop conditions do allow both high detailed mapping of fractures on bedding surfaces 
(possibly aided by unmanned aerial vehicle image acquisition) as well as vertical observation and sam-
pling at the walls of incised wadis. The Natih Formation is a good candidate for such a study because 
it exhibits an exceptionally high vein density and is well exposed in the area. The study should follow 
an integrated approach combining detailed field analysis with mechanical testing of specimens and 
microstructural investigation of veins and would benefit from a basin model to quantify the thermal 
history and changes in stress magnitudes. The evolution of local fluid pressure and their feedback with 
brittle deformation might be constrainable measuring acute angles in conjugate vein sets as proposed 
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by Secor (1965) and applied by Gomez Rivaz et al. (2014) in the area.
The three fundamentally different approaches to resolve the microvein dilemma indicate that we still 
lack a good understanding on how complex fracturing in these rocks really is. A good next step to-
wards resolution of the microvein dilemma would be a first experimental and numerical exploration of 
the plausible mechanisms. Such a study would also be very beneficial for an improved understanding 
of vein/vein interaction features and their implications. 
6.6 conclusIons
We present the results of a field study on the southern slope of Jabal shams in rocks of the upper cre-
taceous Wasia group. Seven Phases of regionally developed deformation structures were identified that 
show stable and consistent age relationships. The first phase includes previously unrecognized bedding 
parallel extension veins and bitumen filled veins. 
It is followed by two phases (II and III) of subvertical bedding confined veins that document an anti-
clockwise rotation of the lowest principal stress.
Phase IV comprises normal to oblique faults and associated veins under N-S directed extension. We 
propose top-to-East shear to be related to this event as a result of the East dipping principal stress and 
weak bedding planes.
The phase of extension is followed by 2 phases of horizontal compression in E-W (Phase V) and NE-
SW direction (Phase VI) that reactivate preexisting fault planes in strike-slip and lead to the develop-
ment of strike-slip faults and conjugated en echelon vein sets. 
The last phase of veining consists of E-W striking microveins and joints in multiple directions as a result 
of doming and surface near decompression. The microvein cement lacks deformation twins, unlike 
any other vein generation in the area. The open joints predominantly follow the anisotropy provided 
in the host rock by preexisting veins and microveins and may not directly reflect the recent stress field.
Except for the top-to-East bedding parallel shearing that we attribute to phase IV we cannot provide 
any further findings to contribute to the current debate on the timing of bedding parallel shear events. 
We have evidence for two phases of top-to-South bedding parallel shear, one before and one after nor-
mal faulting. Top-to-NNE predates normal faulting in our interpretation but could also not been put 
into temporal context with other structures. 
The multitude of different vein patterns that can be found in outcrop is the result of stratigraphic and 
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spatial variability of the vein sets as well as different vein-vein-interaction mechanisms. The bedding 
confined veins of phase II and III exhibit a high stratigraphic variability while their occurrence and 
appearance within a bed is laterally very stable. Fault related veins of phase IV, V and VI show a very 
high bedding parallel variability in occurrence and appearance while their stratigraphic variability is 
less significant. Spatial and stratigraphic variability can result from various factors. An overview on the 
potential influence factors is given and the implications of the influence factors on the dynamics of the 
Jabal Akhdar high-pressure cell are discussed.
We formulate and discuss 3 different explanation for the phenomenon that vein interactions do not 
allow for an unambiguous classification into weak veins and strong veins as well as for the obvious 
dilemma that microveins and crack-seal veins coexist very close to each other in most of the the rocks. 
The possible explanations are: 
1. An intrinsic variability of vein and host rock strength that leads to a more or less random behavior 
of the system
2. microveins and crack-seal veins are produced by different fracture growth mechanisms (e.g. subcriti-
cal crack growth and critical crack growth) 
3. the relative vein strength is a complex function of time and environmental changes; it increases by 
progressing healing of the fracture and can later be decreased by the host rock alteration and changes 
in temperature. 
More work on this subject is necessary to assess the importance of each of the mechanisms for the 
fracture behavior of rocks with veins.
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7. outlook And fInAl remArks
After spending quite some time in the Oman Mountains doing fieldwork for this thesis, I can do noth-
ing but agree with Janos Urai: The Jabal Akhdar is a fantastic and inspirational place! Everywhere an 
open minded geologists drops a hammer in this area, he or she will hit something that is exciting and 
worth to write a paper about. During my time in the field I had countless moments in which the meas-
urement of veins and documentation of age relationships suddenly seemed unimportant and boring 
compared to an exciting problem at hand: a foamy kind of stylolite erosion that keeps the integrity of 
the rock intact, but makes it very permeable (Is the present day hydrology of the Jabal Akhdar maybe 
not as fracture-controlled as everybody thinks?); steam holes emitting hot water vapor in the middle 
of a mountain that nobody seems to have noticed yet (Is there a hydrothermal activity just beneath 
our feet and what else is flowing there except of hot water?); almost black veins that have oil migra-
tion written all over them with the sharpie pen of structural geology (we found time and a student 
to investigate these. It resulted in a master thesis, a PhD project and –until now- one very nice paper 
(Fink et al., submitted); ... 
Luckily (in regard to the finalization of this thesis), these moments of distraction passed. Some of the 
ideas however stuck and I am quite sure that some day I will return to this area to work on something 
completely different. Yet for this outlook I want to be a bit more specific and focus on some sugges-
tions for further research that directly evolve from our studies in the Jabal Akhdar. 
As already suggested in the outlook of chapter 6, an integrated study on the evolution of mechanical- 
and fracture stratigraphy in the rocks of the area is strongly recommended. One of the insights from 
this thesis is that the mechanical stratigraphy is a major factor in the evolution of crack-seal systems 
and it plays a significant role for numerous feedback mechanisms between fracturing and sealing, 
stylolite growth, loading conditions, fluid flow and overpressure. The basis of such a study should be 
a detailed and complete mapping of veins and fractures over a continuous stratigraphic sequence. The 
area North of Hayl al Shaz may be well suited for such a study since we have already provided a first 
order structural map (see chapter 6) and a completely interpreted remote-sensing dataset is available 
from earlier studies (Holland et al., 2009). Rapid data acquisition for vein statistics across the stra-
tigraphy could be achieved by an autonomously operating unmanned aerial vehicle on the surface on 
the dip slope as well as in vertical section at the walls of the numerous incised wadis. An integration of 
microstructural analysis, detailed field observation, petrophysical characterization and incorporation 
of a thorough basin model should be considered for the interpretation of the statistical data. 
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A statistical dataset of veins and fractures with a spatial and stratigraphic component could be further-
more very helpful in the field of uncertainty management. Due to the excellent outcrop conditions, 
the Jabal Akhdar is one of probably very few places in the world in which such a dataset can be pro-
duced with such a coverage, continuity and quality. In most scenarios where vein and fracture statistics 
are required, the data is strongly limited either by the availability of suitable outcrops or by limitation 
of the sampling method (e.g. core logging data, Darcel and Le Goc, 2013). In turn to nevertheless 
be able to make estimates on the vein population of a larger area, limited structural data can often still 
be meaningfully interpreted by application of bootstrapping algorithms (Bardossy and Fodor, 2004) 
and careful estimation of the sampling bias (Zeeb et al., 2013). A database that is able to reflect the 
natural stratigraphic and lateral variability of many different vein generations as it can be produced in 
the Jabal Akhdar, may be very useful to improve bootstrapping of vein and fracture data and provide 
heuristics to deal with limited data in respect to uncertainty management.
By using only simple DEM setups, we successfully linked mechanical parameters of vein and host 
rock to fracture behavior and microstructures of crack-seal veins (see Figure 91). The results of the 
DEM studies can directly be used to develop constitutional rules of fracture behavior in veined rocks 
for reservoir models. They furthermore provide the basis to deduce in–situ mechanical properties of a 
crack-seal vein system in post-mortem analysis. 
The most striking thing for me to realize during the analysis of the model results was how realistic the 
outcomes of these simulations are: The fracture behavior is exactly like it is described in literature and 
for nearly every structure we found a perfect match in our field laboratory. Even detail aspects like 
host rock inclusions directly evolve from the models. Currently no other numerical method is able to 
model brittle deformation in rocks in realism comparable to DEM. It is recommended to utilize this 
advantage for further investigations on fractures and veins.
Some “low hanging fruits” that can be easily harvested with the established models and routines are the 
parametrical investigation of the role of interface strength in the models as well as the role of elasticity 
contrasts. Including a heterogeneous interface would complete our link between mechanical proper-
ties and vein microstructure as it is expected to be the key parameter for the evolution of antitaxial 
veins and (curved) fibrous microstructure (e.g. Urai and Williams, 1991) (see Figure 91).
Although the strength (e.g. tensile strength) is widely recognized as the most important factor in brittle 
deformation of heterogeneous materials, the impact of heterogeneous elasticity (e.g. Young´s Modulus 
and Poisson´s Ratio) should be assessed (see chapter 2), also to make a connection to energy-based 
models of brittle deformation like Linear Elastic Fracture Mechanics.
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As the limit of computational resources is pushed further and further, the manageable number of 
particles in DEM models increases. In the near future, complex setups with multiple brittle layers will 
be feasible. It was concluded from the field studies that bedding confined veins as well as structures 
that cut multiple beds are coupled to the mechanical stratigraphy. DEM studies of such systems have 
a great potential to supplement field studies on mechanical stratigraphy like those suggested earlier.
All the just proposed studies can be easily realized with the existing toolsets, which were partly de-
veloped in the course of this project. However, an even greater potential can be unlocked when the 
Discrete Element Method is combined with other means of numerical simulation. Especially when it 
comes to understand a system as complex as crack-seal veins that involve many coupled THMC pro-
cesses and feedback mechanisms, an integration of methods can yield comprehensive insights. 
The Discrete Element Method is very flexible and can be coupled with various other particle-based and 
continuum-based numerical methods. The integration of DEM mechanical modeling with numerical 
simulation of fluid flow is for many prospects the most interesting and already achieved in various 
implementations. One example is the lattice spring models that incorporate fluid pressure on a fixed 
grid, developed by Ghani and Koehn (Ghani et al., 2013). It was successfully applied to model hydro-
fractures on crustal scale (Vass et al., 2014), but reaches a limitation when it comes to 3-D and smaller 
scales. In some preliminary test that were conducted in cooperation with Frieder Enzmann and Jens-
Oliver Schwarz from the University of Mainz, we have shown that a unidirectional coupling of 3-D 
DEM models with Navier-Stokes-Brinkman modeling of fluid flow is feasible (Figure 92) (Schwarz 
and Enzmann, 2012). With this combination of methods, it is possible to monitor the evolution of 
the combined matrix and fracture permeability during the deformation of an arbitrary DEM Model.
The most promising method to model fluid pressure controlled fracturing however follows a purely 
particle-based approach, coupling the Discrete Element Method with Smoothed Particle Hydrody-
namics (SPH) (Komoróczi et al. (2013). 
An incorporation of SPH into the existing model framework for crack-seal vein systems will allow us 
to transfer our models from fracture modeling under static fluid pressure to dynamic hydrofracturing 
in the presence of fluid pressure gradients. The relevance of such a study is obvious in the light of the 
huge commercial interest in the application of artificial hydrofracturing for hydrocarbon exploration 
in unconventional plays and stimulation of geothermal fields as well as the current debate on this sub-
ject in Germany and the European Union.
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a
b
c
Figure 92: Preliminary test of fluid flow simulation in Discrete Element Models using the Navier-Stokes-Brink-
man equation. (a) DEM models consist of packed spherical particles. (b) with a moving window algorithm the 
porosity of the model is discretized into a voxel geometry that serves as input for the fluid flow modeling. (c) 
the fluid flow in the model (high permeability zones highlighted in blue) is calculated by applying a pressure 
gradient to the model and solving the Navier-stokes-brinkman equation on the fixed grid ((c): Image provided 
by J.O. Schwarz)
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Until now, the presented DEM models of evolving vein networks focus exclusively on the mechani-
cal aspects of the system. Although a method to model partially filled veins was developed (but not 
further used in this work) the sealing of veins in DEM is always a synthetic and simplified numerical 
procedure and does not integrate any crystal growth kinetics or environmental constraints. 
Just recently the phase-field method was successfully applied to model crystal growth and microfab-
ric evolution in crack-seal veins in 3-D (Ankit et al., 2013; Ankit et al., in prep.). The phase field 
method is able to model the simultaneous growth of multiple crystals and the sealing of veins in a 
realistic and physically meaningful way, integrating the relevant thermodynamic and kinetic bound-
ary conditions. Since the mechanical part of fracture development in all of these models is simplified 
to a constitutional and purely geometrical rule, a combination of the multiphase-field and Discrete 
Element Method is a logical thing to do. The combination of these two very powerful methods would 
result in a comprehensive numerical tool to model crack-seal microstructure and vein development 
with both the mechanical fracturing and kinetic sealing part covered by realistic and powerful simula-
tion methods in 3-D. 
The crack-seal mechanism is probably the most important and prevalent deformation mechanism in 
the upper crust. It is obvious from the extensive discussion, especially in the last chapter of this thesis, 
that regarding this highly complex system there are still a lot of open questions and more possible solu-
tions, some for problems that have not been formulated yet. 
There is still a lot to discover and there is a stony road ahead until we have a good understanding of 
the complex processes that play a role in these systems and a comprehensive coupled model of the dy-
namics of crack-seal networks. I hope that his thesis is received as little step forward towards this goal.
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8. APPendIx
8.1 fInAl stAte of PArAmetrIcAlly vArIed unIAxIAl tensIon models (chAPter 2)
1:0.5 1:0.81:0.625
1:1.861:1.72
1:1.61:1.31:1.1
1:2
Misorientation angle of the vein: 10°
The host rock : vein strength ratio is given at the bottom of each image. 
See captions of Figure 6 for details.
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1:0.5 1:0.81:0.625
1:1.861:1.72
1:1.61:1.31:1.1
1:2
Misorientation angle of the vein: 20°
The host rock : vein strength ratio is given at the bottom of each image. 
See captions of Figure 6 for details.
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1:0.5 1:0.81:0.625
1:1.861:1.72
1:1.61:1.31:1.1
1:2
Misorientation angle of the vein: 30°
The host rock : vein strength ratio is given at the bottom of each image. 
See captions of Figure 6 for details.
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1:0.5 1:0.81:0.625
1:1.861:1.72
1:1.61:1.31:1.1
1:2
Misorientation angle of the vein: 40°
The host rock : vein strength ratio is given at the bottom of each image. 
See captions of Figure 6 for details.
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1:0.5 1:0.81:0.625
1:1.861:1.72
1:1.61:1.31:1.1
1:2
Misorientation angle of the vein: 50°
The host rock : vein strength ratio is given at the bottom of each image. 
See captions of Figure 6 for details.
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1:0.5 1:0.81:0.625
1:1.861:1.72
1:1.61:1.31:1.1
1:2
Misorientation angle of the vein: 60°
The host rock : vein strength ratio is given at the bottom of each image. 
See captions of Figure 6 for details.
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1:0.5 1:0.81:0.625
1:1.861:1.72
1:1.61:1.31:1.1
1:2
Misorientation angle of the vein: 90°
The host rock : vein strength ratio is given at the bottom of each image. 
See captions of Figure 6 for details.
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1.5:1
1:2
1:4
1:10
Amount of rotation: 0°
The host rock : vein strength ratio is 
given at the bottom of each image. 
10°
30°
50°
70°
90°
strength ratio
host rock : vein
1 : 2
strength ratio
host rock : vein
1 : 4
vein particle
strained bond (tensile)
broken host rock bond
broken interface bond
broken vein bond
Veins weaker than host rock Veins stronger than host rock
2:1
8.2 fInAl stAte of PArAmetrIcAlly vArIed 2nd generAtIon boudInAge models (chAPter 3) 
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1.5:1
1:2
1:4
1:10
Amount of rotation: 10°
The host rock : vein strength ratio is 
given at the bottom of each image. 
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1.5:1
1:2
1:4
1:10
Amount of rotation: 20°
The host rock : vein strength ratio is 
given at the bottom of each image. 
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1.5:1
1:2
1:4
1:10
Amount of rotation: 30°
The host rock : vein strength ratio is 
given at the bottom of each image. 
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1.5:1
1:2
1:4
1:10
Amount of rotation: 40°
The host rock : vein strength ratio is 
given at the bottom of each image. 
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1.5:1
1:2
1:4
1:10
Amount of rotation: 50°
The host rock : vein strength ratio is 
given at the bottom of each image. 
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1.5:1
1:2
1:4
1:10
Amount of rotation: 60°
The host rock : vein strength ratio is 
given at the bottom of each image. 
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1.5:1
1:2
1:4
1:10
Amount of rotation: 70°
The host rock : vein strength ratio is 
given at the bottom of each image. 
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1.5:1
1:2
1:4
1:10
Amount of rotation: 80°
The host rock : vein strength ratio is 
given at the bottom of each image. 
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1.5:1
1:2
1:4
1:10
Amount of rotation: 90°
The host rock : vein strength ratio is 
given at the bottom of each image. 
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